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A b s t r a c t
In recent years, there has been a trend to fabricate smaller photonic devices. One very 
serious difficulty emerges from the move to smaller dimensions, however, which is the 
problem of coupling light from an optical fibre to small optical waveguides. This is a 
particular problem in semiconductors, since the refractive index of the silica fibre is very 
different from that of a semiconductor waveguide.
There have been several published methods of achieving such coupling, but none are 
sufficiently efficient whilst being robust enough for commercial applications. In this 
work, a novel device, called a Dual-Grating Assisted Directional Coupler (DGADC), has 
been presented. Several theoretical methods have been used in the design stage and for the 
analysis of the experimental results. Those include the Transfer Matrix Method, Floquet 
Bloch Theory and the Finite Element Method. The coupler has been fabricated in Silicon- 
on-Insulator (SOI) using standard microelectronic technology. It enables coupling to thin 
(«250mn) silicon waveguides. The coupler consists of a 5pm thick surface silicon 
oxynitride waveguide, which allows efficient coupling with an optical fibre, a 500nm 
thick silicon nitride waveguide, and a silicon waveguide, two silicon oxynitride separation 
layers (150-200nm in thickness) and two shallow gratings fabricated 011 silicon nitride and 
silicon waveguides. The most important layer is the silicon nitride since it bridges the gap 
between the fibre and silicon waveguide both in dimensions and refractive index.
It has been shown that the theoretical and experimental results agree to within 5% with 
the maximum experimental efficiency being 55% and maximum theoretical coupling 
efficiency being 60%. The principle of coupling by this novel method has been 
successfully demonstrated, and the coupling efficiency measured is, to the best of author’s 
knowledge, the highest experimental coupling efficiency achieved for any grating based 
directional coupler, and among the best achieved for coupling to thin semiconductor 
waveguides by any method.
Keywords: grating, grating coupler, directional coupler, silicon on insulator, silicon  
photonics, coupling efficiency
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1  I n t r o d u c t i o n
I t  h a s  b e e n  e s t i m a t e d  t h a t  n u m b e r  o f  t r a n s i s t o r s  i n  a  m i c r o p r o c e s s o r  w i l l  e x c e e d  o n e  
b i l l i o n  b e t w e e n  t h e  y e a r s  2 0 0 5  a n d  2 0 0 7  [ 1 . 1 ] ,  a n d  j u s t  f i f t e e n  y e a r s  a g o  i t  r e a c h e d  o n e  
m i l l i o n .  T h i s  d r a m a t i c  i n c r e a s e  i n  t h e  n u m b e r  o f  t r a n s i s t o r s  i n  m i c r o p r o c e s s o r s  o f  
a p p r o x i m a t e l y  c o n s t a n t  s i z e  h a s  b e e n  e n a b l e d  b y  s h r i n k a g e  o f  t r a n s i s t o r  a n d  i n t e r c o n n e c t  
d i m e n s i o n s .  O w i n g  t o  t h i s ,  m i c r o p r o c e s s o r  s p e e d s  h a v e  b e e n  g r o w i n g  e x p o n e n t i a l l y  f o r  
o v e r  t w e n t y  y e a r s .
T h i s  h o w e v e r ,  d o e s  n o t  m e a n  t h a t  t h e  c o m p u t e r ’ s  p e r f o r m a n c e  i s  s c a l i n g  w i t h  t h e  s p e e d  o f  
t h e  m i c r o p r o c e s s o r .  T h e  m a i n  r e a s o n  i s  t h e  ‘ i n t e r c o n n e c t  b o t t l e n e c k ’ , w h i c h  i s  a n  R C  
c i r c u i t  d e l a y  o c c u r r i n g  d u e  t o  t h e  s m a l l e r  c r o s s - s e c t i o n  a n d  c l o s e r  s p a c i n g  o f  c o n d u c t i n g  
m e t a l  l i n e s  a b o v e  t h e  i n t e g r a t e d  c i r c u i t .  N o w a d a y s ,  t h e r e  a r e  s i x  l a y e r s  o f  m e t a l  l i n e s ,  
w h i l e  i n  t e n  y e a r s  f r o m  n o w  t h e r e  w i l l  b e  m o r e  t h a n  1 2  [ 1 . 2 ] .  h r  a d d i t i o n ,  t h e  m e t a l  
i n t e r c o n n e c t s  a c c o u n t  f o r  t h e  m a j o r i t y  o f  c h i p  p o w e r  d i s s i p a t i o n ,  s i g n a l  l a t e n c y ,  a n d  c r o s s ­
t a l k  n o i s e .  A  p o t e n t i a l  s o l u t i o n  t o  t h e s e  p r o b l e m s  i s  t h e  u s e  o f  o p t i c a l  i n t e r c o n n e c t s ,  a n d  
p u r s u i n g  p h o t o n i c / e l e c t r o n i c  i n t e g r a t i o n .
U n l i k e  i n  m i c r o e l e c t r o n i c s ,  a  v a r i e t y  o f  m a t e r i a l s  a r e  b e i n g  u s e d  i n  p h o t o n i c s  a n d  n o n e  o f  
t h e m  i s  l e a d i n g  t h e  m a r k e t .  N e v e r t h e l e s s ,  w o r l d  l e a d i n g  m i c r o e l e c t r o n i c  c o m p a n i e s  h a v e  
a g g r e s s i v e  p r o g r a m m e s  i n  m i c r o p h o t o n i c s  ( m e r g i n g  p h o t o n i c s  a n d  s i l i c o n  m i c r o e l e c t r o n i c  
c o m p o n e n t s )  m o s t l y  b a s e d  o n  s i l i c o n .  R e c e n t  p r o g r e s s  i n  s i l i c o n  p h o t o n i c s  ( e . g .  G i g a h e r t z  
m o d u l a t i o n  [ 1 . 3 ]  a n d  l a s e r  e m i s s i o n  [ 1 . 4 ] ) ,  t h e  a v a i l a b i l i t y  o f  t h e  m a t e r i a l  a n d  i t s  c o s t ,  t h e  
p o t e n t i a l  o f  b o t h  t h e  m o n o l i t h i c  a n d  h y b r i d  i n t e g r a t i o n ,  t h e  f a c t  t h a t  a n y  t e c h n o l o g i c a l  
d e v e l o p m e n t  i n  e i t h e r  s i l i c o n  o r  i n  t h e  a s s o c i a t e d  e l e c t r o n i c s  i n d u s t r y  c a n  r e a d i l y  b e  
t r a n s f e r r e d  t o  s i l i c o n  p h o t o n i c s ,  a n d  p o s s i b i l i t y  o f  p a s s i v e  f i b r e  a l i g n m e n t  a n d  r e d u c t i o n  i n  
p a c k a g i n g  c o s t s ,  m a k e  s i l i c o n  a  p r i m e  c a n d i d a t e  f o r  f u t u r e  p h o t o n i c s  c i r c u i t s .
h i  p h o t o n i c s ,  o n e  o f  t h e  p r i m a r y  i n t e r e s t s  i s  i n  m i n i a t u r i z i n g  o p t i c a l  c i r c u i t s ,  h e n c e  
r e d u c i n g  c o s t s  a n d  i m p r o v i n g  p e r f o r m a n c e  i n  o r d e r  t o  m a k e  t h e  t e c h n o l o g y  c o m m e r c i a l l y  
v i a b l e  f o r  d e m a n d s  o f  o p t i c a l  i n t e r c o n n e c t  i n  t h e  s e m i c o n d u c t o r  i n d u s t r y ,  a n d  f o r  o p t i c a l
1
1 Introduction
c o m m u n i c a t i o n s .  F o r  c o m m e r c i a l  a p p l i c a t i o n s ,  h i g h  c o u p l i n g  e f f i c i e n c y  i s  r e q u i r e d .  
D u r i n g  t h e  1 9 9 0 s ,  m o s t  w o r k  o n  s i l i c o n  o p t i c a l  c i r c u i t s  c o n c e n t r a t e d  o n  s i l i c o n  l a y e r  
t h i c k n e s s e s  o f  t h e  o r d e r  o f  s e v e r a l  m i c r o n s  [ 1 . 5 ] ,  [ 1 . 6 ] ,  a s  t h i s  r e s u l t s  i n  l o w  l o s s  
w a v e g u i d e s ,  b u t  a l s o  a l l o w s  r e a s o n a b l y  e f f i c i e n t  c o u p l i n g  f r o m  o p t i c a l  f i b r e  b y  e n d f i r e  
c o u p l i n g  o r  f i b r e  b u t t  c o u p l i n g .  H o w e v e r ,  t h e r e  i s  n o w  a  v e i y  s t r o n g  t r e n d  t o  f a b r i c a t e  
s m a l l  d e v i c e s  i n  h i g h - i n d e x  c o n t r a s t  m a t e r i a l s  d u e  t o  i m p r o v e m e n t s  i n  d e v i c e  e f f i c i e n c y  
( e . g .  [ 1 . 5 ] ) ,  i m p r o v e d  p a c k i n g  d e n s i t y  [ 1 . 7 ] ,  a n d  l o w e r  c o s t .  T h e  s i z e  r e d u c t i o n  a l s o  e a s e s  
t h e  i n t e g r a t i o n  b e t w e e n  p h o t o n i c s  a n d  e l e c t r o n i c s .  H o w e v e r ,  t h e  v e r y  a c t  o f  m i n i a t u r i s i n g  
t h e  d e v i c e s  m a k e s  i t  d i f f i c u l t  t o  c o u p l e  l i g h t  i n t o  a n d  o u t  o f  t h e  s m a l l  d e v i c e s  b e c a u s e  
c o u p l i n g  e f f i c i e n c y  f r o m  a n  o p t i c a l  f i b r e  o f  c o r e  d i a m e t e r  o f  ~ 9 p m  i s  d r a m a t i c a l l y  
r e d u c e d  w h e n  c o u p l i n g  t o  s u c h  s u b  m i c r o n  w a v e g u i d e s  a n d  h e n c e  a n  a l t e r n a t i v e  c o u p l i n g  
m e c h a n i s m  i s  r e q u i r e d ,  a n d  t h i s  i s  t h e  s u b j e c t  o f  t h i s  t h e s i s .  I n  f a c t  t h e  a d d i t i o n a l  l o s s  o f  
c o u p l i n g  t o  s u b  m i c r o n  w a v e g u i d e s  u s i n g  c o n v e n t i o n a l  t e c h n i q u e s  i s  s o  s e r i o u s  t h a t  i t  
m e a n s  t h a t  m a n y  o f  t h e  a d v a n t a g e s  o f  m i n i a t u r i s a t i o n  w i l l  b e  l o s t  i f  t h e  p r o b l e m  c a n n o t  b e  
o v e r c o m e .  F o r  t h i s  r e a s o n ,  m a n y  r e s e a r c h  g r o u p s  h a v e  b e e n  c o n s i d e r i n g  t h e  p r o b l e m ,  a n d  
c o n s e q u e n t l y  a  v a r i e t y  o f  p r o p o s e d  s o l u t i o n s  h a v e  e m e r g e d .
A m o n g  s e v e r a l  m e t h o d s  p r o p o s e d  f o r  c o u p l i n g  t o  s m a l l  s i l i c o n  w a v e g u i d e s ,  t a p e r s  h a v e  
b e e n  t h e  m o s t  p o p u l a r  a p p r o a c h  i n  r e c e n t  y e a r s  a n d  a r e  i n t u i t i v e l y  t h e  m o s t  o b v i o u s .  
T h e r e  a r e  t w o  t y p e s  o f  t a p e r  c o u p l e r s :  1 )  t h r e e  d i m e n s i o n a l  t a p e r  f r o m  t h e  f i b r e  
d i m e n s i o n s  t o  t h e  w a v e g u i d e  d i m e n s i o n s  a n d  2 )  i n v e r t e d  t a p e r .  T h e  f o r m e r  h a s  b e e n  
d e m o n s t r a t e d  w i t h  l o w  l o s s  [ 1 . 8 ] ,  w h e n  c o u p l i n g  t o  r e l a t i v e l y  l a r g e  s i l i c o n  w a v e g u i d e s .  
H o w e v e r ,  f o r  s m a l l e r  w a v e g u i d e  d i m e n s i o n s  t h e  i n s e r t i o n  l o s s  i n c r e a s e s  r a p i d l y  d u e  t o  
s u r f a c e  r o u g h n e s s .  T h a t  r e s u l t s  i n  r a t h e r  l a r g e  d i f f e r e n c e  b e t w e e n  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  c o u p l i n g  e f f i c i e n c y  [ 1 . 9 ] .  I t  m u s t  b e  n o t e d  t h a t  t h e s e  c o u p l e r s  a l s o  n e e d  a n t i ­
r e f l e c t i o n  c o a t i n g s  t o  r e d u c e  s t r o n g  b a c k - r e f l e c t i o n  a t  t h e  f a c e t ,  t h u s  c o m p l i c a t i n g  
f a b r i c a t i o n .  I n v e r t e d  t a p e r s  h a v e  a l s o  b e e n  p o p u l a r  [ 1 . 1 0 ,  1 . 1 1 ] ,  i n  w h i c h  t h e  w a v e g u i d e  i s  
t a p e r e d  d o w n  a t  t h e  o u t p u t  r a t h e r  t h a n  u p  t o  t h e  f i b r e  d i m e n s i o n .  T h i s  m e a n s  t h a t  t h e  
m o d e  b e c o m e s  l e s s  w e l l  c o n f i n e d  i n  t h e  c o r e  o f  t h e  w a v e g u i d e  a n d  e x i s t s  s u b s t a n t i a l l y  i n  
t h e  c l a d d i n g  ( t y p i c a l l y  s i l i c a  o r  p o l y m e r ) .  T h e r e f o r e ,  t h e  e f f e c t i v e  i n d e x  o f  t h e  m o d e  i s  
r e d u c e d  a s  t h e  m o d e  s i z e  i n c r e a s e s ,  a n d  m a t c h e s  w e l l  t o  a n  o p t i c a l  f i b r e .  D e s p i t e  t h e  
e l e g a n c e  o f  t h e  a p p r o a c h  t h e  d e m o n s t r a t e d  l o s s  h a s  a l s o  b e e n  h i g h ,  t y p i c a l l y  g r e a t e r  t h a n  
3 d B  [ 1 . 1 0 ] .  W h e n  s c a t t e r i n g  l o s s  i s  e x c l u d e d  f r o m  t h e  c a l c u l a t i o n  t h e s e  d e v i c e s  a p p e a r
2
1 Introduction
m u c h  m o r e  p r o m i s i n g ,  h a v i n g  a  c o n v e r s i o n  l o s s  o f  l e s s  t h a n  l d B  [ 1 . 1 1 ]  a l t h o u g h  t h e  t o t a l  
l o s s  i s  h i g h e r .  A n o t h e r  p r o m i s i n g  a p p r o a c h  i s  t h e  i n v e r t e d  p r i s m  [ 1 . 1 2 ]  p r o d u c i n g  a n  
e f f i c i e n c y  o f  4 5 %  a s  c o m p a r e d  t o  8 7 %  t h e o r e t i c a l l y ,  b u t  t h i s  r e q u i r e s  e x t e r n a l  a f f i x i n g  o f  
t h e  p r i s m  t o  t h e  w a v e g u i d e .
T o  d a t e ,  v e i y  f e w  i n v e s t i g a t i o n s  h a v e  c o n s i d e r e d  g r a t i n g - a s s i s t e d  c o u p l i n g  a s  a  s o l u t i o n  
f o r  t h e  p r o b l e m .  T h e  m o s t  s u c c e s s f u l  g r a t i n g  b a s e d  c o u p l e r s  a n a l y s e d  s o  f a r ,  e i t h e r  h a v e  
m o d e s t  c o u p l i n g  e f f i c i e n c y  a n d  a r e  i m p r a c t i c a l  f o r  c o m m e r c i a l  a p p l i c a t i o n s  d u e  t o  v e r y  
s t r i n g e n t  f a b r i c a t i o n  t o l e r a n c e s  [ 1 . 1 3 ] ,  o r  h a v e  q u i t e  r e s t r i c t i v e  d i m e n s i o n s  a n d  o p e r a t e  a t  
t h e  w a v e l e n g t h  o f  1 . 3  p m  [ 1 . 1 4 ] .
T h e  o b j e c t i v e  o f  t h i s  t h e s i s  i s  t o  r e a l i s e  a  n o v e l  g r a t i n g  b a s e d  c o u p l e r  t o  e n a b l e  c o u p l i n g  
t o  s m a l l  s i l i c o n  w a v e g u i d e s .  T h e  g o a l  i s  t o  d e s i g n  a n  e f f i c i e n t  c o u p l e r ,  t o  f a b r i c a t e  t h e  
c o u p l e r  u s i n g  c o n v e n t i o n a l  m i c r o e l e c t r o n i c  t e c h n o l o g y ,  a n d  f i n a l l y  t o  a s s e s s  c o u p l e r ’ s  
p e r f o r m a n c e .
T h e  t h e s i s  i s  s t r u c t u r e d  i n  t h e  f o l l o w i n g  w a y .
C h a p t e r  2  i n t r o d u c e s  t h e  c o n c e p t  o f  o p t o e l e c t r o n i c  i n t e g r a t e d  c i r c u i t s .  T h e  l e a d i n g  
p h o t o n i c  m a t e r i a l s  a r e  o u t l i n e d ,  a n d  a n  o v e r v i e w  o f  s i l i c o n  p h o t o n i c s  i s  g i v e n  t o g e t h e r  
w i t h  a  d e s c r i p t i o n  s e v e r a l  d e v i c e s  r e a l i s e d  i n  t h i s  t e c h n o l o g y .  F i n a l l y ,  t h e  m o s t  c o m m o n  
m e t h o d s  f o r  t h e  m a n u f a c t u r e  o f  S O I  s u b s t r a t e s  ( S I M O X ,  B E S O I ,  E L T R A N  a n d  S m a r t  
C u t )  a r e  d e s c r i b e d .
C h a p t e r  3  e l a b o r a t e s  v a r i o u s  c o u p l i n g  t e c h n i q u e s .  S p e c i a l  a t t e n t i o n  h a s  b e e n  p a i d  t o  t a p e r  
a n d  g r a t i n g  b a s e d  c o u p l e r s .  I t  i s  s h o w n  t h a t  t h e r e  i s  a  n e e d  f o r  s i g n i f i c a n t  i m p r o v e m e n t s  i n  
t h i s  a r e a  o f  p h o t o n i c s .
C h a p t e r  4  g i v e s  t h e  b a s i c  c o n c e p t  o f  t h e o r i e s  u s e d  f o r  t h e  d e s i g n  o f  t h e  c o u p l e r  a n d  
a n a l y s i s  o f  t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  f i r s t  s e c t i o n  d e s c r i b e s  b r i e f l y  s e v e r a l  m e t h o d s  f o r  
t h e  a n a l y s i s  o f  d i e l e c t r i c  w a v e g u i d e s ,  t h e  s e c o n d  s e c t i o n  p r o v i d e s  d e t a i l e d  e x p l a n a t i o n  o f  
C o u p l e d  M o d e  T h e o r y  ( C M T )  a n d  t h e  p h y s i c s  b e h i n d  t h e  o p t i c a l  p o w e r  t r a n s f e r  b e t w e e n  
t w o  w a v e g u i d e s .  T h e  l a s t  t w o  s e c t i o n s  e x p l a i n  t h e  f u n d a m e n t a l s  o f  t h e  T r a n s f e r  M a t r i x  
M e t h o d  ( T M M )  a n d  F l o q u e t - B l o c h  T h e o i y  ( T M M ) ,  w h i c h  h a v e  b e e n  e x t e n s i v e l y  u s e d  i n  
t h i s  w o r k .
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I n  C h a p t e r  5,  t h e  d e s i g n  o f  a  D u a l  G r a t i n g - A s s i s t e d  D i r e c t i o n a l  C o u p l e r  ( D G A D C )  i s  
p r e s e n t e d .  I t  i s  s h o w n  t h a t  a  s i n g l e  g r a t i n g  a p p r o a c h  w o u l d  n o t  l e a d  t o  a  s a t i s f a c t o r y  
s o l u t i o n .  A  n o v e l  a p p r o a c h ,  t h e  D G A D C ,  i s  t h e n  i n t r o d u c e d  a n d  o p t i m i s a t i o n  o f  t h e  
c o u p l e r  p a r a m e t e r s  e a r n e d  o u t .  F i n a l l y ,  f a b r i c a t i o n  t o l e r a n c e s ,  p o l a r i s a t i o n  a n d  
t e m p e r a t u r e  i s s u e s  a r e  d i s c u s s e d .
C h a p t e r  6  d e s c r i b e s  t h e  f a b r i c a t i o n  o f  t h e  D G A D C ,  w h i c h  i n c l u d e s  P E C V D  d e p o s i t i o n  o f  
s i l i c o n  o x y n i t r i d e  a n d  s i l i c o n  n i t r i d e  l a y e r s ,  m e a s u r e m e n t s  o f  t h e i r  r e f r a c t i v e  i n d i c e s ,  
g r a t i n g  p a t t e r n i n g ,  d e e p  d r y  e t c h  o f  s i l i c o n  o x y n i t r i d e  a n d  n i t r i d e  l a y e r s ,  p h o t o l i t h o g r a p h y  
a n d  e - b e a m  l i t h o g r a p h y ,  e t c .
I n  C h a p t e r  7 ,  t h e  m a j o r  e x p e r i m e n t a l  r e s u l t s  o f  t h e  t h e s i s  a r e  p r e s e n t e d .  A n a l y s i s  a n d  
d i s c u s s i o n  o f  t h e s e  r e s u l t s  a r e  a l s o  g i v e n .
C h a p t e r  8  s u m m a r i s e s  a n d  e x p l a i n s  t h e  m o s t  i m p o r t a n t  r e s u l t s  o f  t h e  t h e s i s ,  a n d  s u g g e s t s  
d i r e c t i o n s  f o r  f u r t h e r  r e s e a r c h .
T h e  a u t h o r ’ s  c o n t r i b u t i o n s  a r e
■  I n v e n t i o n  o f  a  n o v e l  c o u p l i n g  m e t h o d  f o r  c o u p l i n g  t o  s m a l l  s e m i c o n d u c t o r  
w a v e g u i d e s ;
■  W r i t i n g  a  s o f t w a r e  p a c k a g e  b a s e d  o n  a d e q u a t e  t h e o r i e s  f o r  i n v e s t i g a t i o n  a n d  
o p t i m i s a t i o n  o f  c o u p l e r ’ s  p a r a m e t e r s ;
■  D e v e l o p i n g  o f  f a b r i c a t i o n  m e t h o d s  f o r  d e p o s i t i o n  o f  S i O N  l a y e r s  w i t h  s m a l l  
r e f r a c t i v e  i n d e x  d i f f e r e n c e  a n d  f o r  d e e p  S i O N  a n d  S i 3 N 4 e t c h  t h a t  h a d  n o t  b e e n  
u s e d  b e f o r e  a t  t h e  f a b r i c a t i o n  f a c i l i t y ;
■  A n a l y s i s  a n d  p r e s e n t a t i o n  o f  n e w  d a t a  d e m o n s t r a t i n g  t h e  h i g h e s t  e x p e r i m e n t a l  
c o u p l i n g  e f f i c i e n c y  t o  d a t e  f o r  a  g r a t i n g  b a s e d  c o u p l e r .
A s  c a n  b e  s e e n ,  t h e  a u t h o r  h a s  p e r f o r m e d  a  c o m p l e t e  c y c l e  f r o m  i n v e n t i n g  a n  o r i g i n a l  
d e v i c e  t o  i t s  f a b r i c a t i o n  a n d  e x p e r i m e n t a l  i n v e s t i g a t i o n .
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2  S i l i c o n  P h o t o n i c s
2.7 Introduction
T h e  e v e r  i n c r e a s i n g  d a t a  r a t e s  a r e  s t r a i n i n g  t h e  c a p a b i l i t i e s  o f  e l e c t r o n i c  s i g n a l l i n g  
t e c h n o l o g y .  T h e r e f o r e ,  o p t i c a l  t r a n s m i s s i o n  o f  s i g n a l s  h a s  b e e n  i n t r o d u c e d  f i r s t  a t  l o n g e r  
d i s t a n c e s  ( > 1 0 0 m ) ,  c o m p e t i n g  n o w  f o r  s h o r t e r  d i s t a n c e  ( 1 - 1 0 0 m )  c o m m e r c i a l  
a p p l i c a t i o n s ,  s u c h  a s  r a c l c - t o - r a c k  c o n n e c t i o n s .  A t  e v e n  s h o r t e r  d i s t a n c e s ,  e l e c t r i c a l  
s i g n a l l i n g  d o m i n a t e s  f o r  t e c h n i c a l  a n d  e c o n o m i c  r e a s o n s .  I n  o r d e r  t o  b e  a c c e p t e d  i n  t h i s  
a r e a  ( e . g .  c h i p - t o - c h i p  a p p l i c a t i o n s )  p h o t o n i c  c o m p o n e n t s  w i l l  h a v e  t o  b e  s m a l l  a n d  t o  
h a v e  l o w  c o s t .
T h e  t e r m  i n t e g r a t i o n  c a n  e a s i l y  i n d u c e  a n  i m a g e  o f  s i l i c o n  m i c r o e l e c t r o n i c s ,  w h e r e  h u g e  
n u m b e r  o f  t r a n s i s t o r s ,  c a p a c i t o r s  a n d  r e s i s t o r s  a r e  i n t e g r a t e d  o n  a  s i n g l e  c h i p .  H o w e v e r ,  
t h e  s i t u a t i o n  i n  p h o t o n i c s  i s  v e r y  d i f f e r e n t  f r o m  m i c r o e l e c t r o n i c s :
■  A  v a r i e t y  o f  d i f f e r e n t  m a t e r i a l s  i s  u s e d  ( H I - V  c o m p o u n d s ,  s i l i c a ,  s i l i c o n ,  l i t h i u m  
n i o b a t e ,  p o l y m e r s  e t c . ) .
■  N o n e  o f  t h e s e  m a t e r i a l  t e c h n o l o g i e s  l e a d s  t h e  m a r k e t .
■  N o  l a r g e  c o m p a n i e s  d o m i n a t e  t h e  f i e l d .
■  T h e  p r o d u c t i o n  t e c h n o l o g y  i s  s t i l l  q u i t e  p r i m i t i v e  b y  c o m p a r i s o n  t o  
m i c r o e l e c t r o n i c s .
■  O n l y  n o w ,  a r e  r o a d m a p s  f o r  t h e  e v o l u t i o n  o f  p h o t o n i c s  b e i n g  d e v e l o p e d .
T h e r e f o r e ,  a l t h o u g h  i n t e g r a t e d  o p t i c a l  c o m p o n e n t s  h a v e  b e e n  d e v e l o p i n g  f o r  o v e r  t h i r t y  
y e a r s ,  t h e y  h a v e  n o t  e v o l v e d  w i t h  t h e  s a m e  s u c c e s s  a s  i n t e g r a t e d  e l e c t r o n i c s .
h i  t h i s  c h a p t e r  t h e  m a j o r  t e c h n o l o g i e s  a n d  a p p r o a c h e s  t o w a r d s  i n t e g r a t i o n  a r e  d i s c u s s e d ,  
a n d  s e v e r a l  e x a m p l e s  o f  d e v i c e s  r e a l i s e d  i n  s i l i c o n  p h o t o n i c s  a r e  g i v e n ,  t o  d e m o n s t r a t e  t h e  
m a t u r i t y  o f  t h i s  t e c h n o l o g y .
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2.2 Integration
T h e  n u m b e r  o f  t r a n s i s t o r s  i n  a  m i c r o p r o c e s s o r  w i l l  s o o n  e x c e e d  o n e  b i l l i o n  [ 2 . 1 ] .  
M i c r o p r o c e s s o r  s p e e d  h a s  b e e n  g r o w i n g  e x p o n e n t i a l l y ,  b u t  t h e  b u s  s p e e d  h a s  n o t  b e c a u s e  
o f  t h e  ‘ i n t e r c o n n e c t  b o t t l e n e c k ’ . N o w a d a y s ,  c h i p s  h a v e  s i x  l a y e r s  o f  m e t a l  l i n e s  ( F i g u r e  
2 . 1 )  a n d  c u m u l a t i v e  i n t e r - c o n n e c t i o n  l e n g t h  o f  5 k m / c m 2 , w i t h  a  c h i p  a r e a  o f  4 5 0 m m 2 , 
w h i l e  i n  t e n  y e a r s  f r o m  n o w  t h e  l e n g t h  w i l l  r e a c h  2 0 k m / c m 2  f o r  a  c h i p  a r e a  o f  8 0 0 m m 2
[ 2 . 2 ] .  I n  a d d i t i o n ,  f o r  e v e r y  2 G H z  i n c r e a s e  i n  e l e c t r i c a l  s i g n a l  b a n d w i d t h ,  s i g n a l  s t r e n g t h  
f a l l s  1 0  f o l d  [ 2 . 3 ] ,  w h i l e  p o w e r  c o n s u m p t i o n ,  h e a t  p r o d u c t i o n  a n d  e l e c t r o m a g n e t i c  
i n t e r f e r e n c e  a l l  r i s e .
Figure 2.1. Cross-section o f  today’s chip. Left: most o f  the chip is occupied by metal interconnect 
layers; height o f  the six layers o f  metal lines is less than 10pin. Right: the complexity o f  the
architecture o f  the metal lines [2.2]
I t  i s  e x p e c t e d  t h a t  c o p p e r  d a t a  r a t e  w i l l  r i s e  t o  a t  l e a s t  2 0 G b / s  [ 2 . 4 ]  a n d  t h a t  c h i p - t o - c h i p  
i n t e r c o n n e c t s  w i l l  r e a c h  s u c h  b a n d w i d t h  i n  t h e  n e x t  d e c a d e .  T h e r e f o r e ,  o p t i c a l  
i n t e r c o n n e c t s  n e e d  t o  b e  i n v e s t i g a t e d  a n d  s o l u t i o n s  f o u n d  f o r  t h e  m o m e n t  w h e n  t h a t  
d e m a n d  i s  r e a c h e d .  I n  a d d i t i o n ,  t h e  o p t i c a l  i n t e r c o n n e c t  w i l l  s o o n  n e e d  t o  b e  e m p l o y e d  i n  
b o a r d - t o - b o a r d  o r  r a c k - t o - r a c k  a p p l i c a t i o n s .
T o  b e  c o m p e t i t i v e  w i t h  e l e c t r i c a l  i n t e r c o n n e c t i o n ,  a n y  o p t i c a l  s o l u t i o n  m u s t  h a v e  s i m i l a r  
b a n d w i d t h ,  c o s t ,  p o w e r ,  a n d  c a p a b i l i t y  o f  v e r y  h i g h  v o l u m e  m a n u f a c t u r e .  T o  b e  e m p l o y e d  
i n  t h e  a b o v e  m e n t i o n e d  a p p l i c a t i o n s ,  i t  s h o u l d  a l s o  b e  v e r y  c o m p a c t  ( F i g u r e  2 . 2 ) .
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Figure 2.2. Left: compact fibre-based 4-channel 2x2 cross connect module.
Right: photonics integrated 4-channel 2x2 cross connect chip [2.5]
O p t i c a l  i n t e g r a t i o n  i n v o l v e s  a s s e m b l i n g  c o m p o n e n t s  t h a t  e i t h e r  p e r f o r m  d i f f e r e n t  
f u n c t i o n s ,  o r  t h a t  a r e  m a d e  f r o m  d i s s i m i l a r  m a t e r i a l s .  I t  s h o u l d  b r i n g  t w o  m a j o r  b e n e f i t s :  
i n c r e a s e d  p e r f o r m a n c e  a n d  d e c r e a s e d  c o s t .
T h e r e  a r e  t w o  t y p e s  o f  i n t e g r a t i o n ,  s e r i a l  i n t e g r a t i o n  a n d  p a r a l l e l  i n t e g r a t i o n .  I n  s e r i a l  
i n t e g r a t i o n ,  s e v e r a l  o p t i c a l  f u n c t i o n s  t h a t  a c t  u p o n  a  b e a m  o f  l i g h t  a s  i t  p r o p a g a t e s  t h r o u g h  
a n  o p t i c a l  s y s t e m  a r e  i n t e g r a t e d  i n t o  o n e  m o d u l e .  A n  e x a m p l e  o f  s e r i a l  i n t e g r a t i o n  i s  a n  
E x t e r n a l l y  M o d u l a t e d  L a s e r  ( E M L ) .  I n  p a r a l l e l  i n t e g r a t i o n ,  o n e  f u n c t i o n  i s  p e r f o r m e d  o n  
m u l t i p l e  s i g n a l s  o f  d i f f e r e n t  w a v e l e n g t h s .  T h i s  c a n  b e  i l l u s t r a t e d  b y  t h e  i n t e g r a t i o n  o f  
m u l t i p l e  l a s e r s  o n t o  a  s i n g l e  i n t e g r a t e d  o p t i c a l  c i r c u i t  o r  t h e  i n t e g r a t i o n  o f  m a n y  
p h o t o d i o d e s  f o r  d i f f e r e n t  w a v e l e n g t h  c h a n n e l s  i n  a  d e t e c t o r  a r r a y .  P a r a l l e l  i n t e g r a t i o n  i s  
e s s e n t i a l  f o r  W D M  a p p l i c a t i o n s .  A s  d e v i c e s  t h a t  b e l o n g  t o  t h i s  t y p e  o f  i n t e g r a t i o n  a r e  
u s u a l l y  m u c h  l a r g e r ,  S i  w i l l  h a v e  a n  a d v a n t a g e  b e c a u s e  o f  t h e  l o w  c o s t s .
T h e r e  a r e  t w o  b a s i c  f o r m s  o f  o p t i c a l  i n t e g r a t e d  c i r c u i t s :  h y b r i d  a n d  m o n o l i t h i c .  I n  t h e  
m o n o l i t h i c  a p p r o a c h ,  a l l  t h e  o p t i c a l  e l e m e n t s  i n c l u d i n g  l i g h t  s o u r c e s ,  l i g h t  c o n t r o l ,  
e l e c t r o n i c s  a n d  d e t e c t o r s  a r e  i n c o r p o r a t e d  i n  a  s i n g l e  s u b s t r a t e .  I n  h y b r i d  i n t e g r a t i o n  
t e c h n o l o g y ,  t h e  o p t i c a l  c h i p  f a b r i c a t e d  o n  a  s i n g l e  s u b s t r a t e  c o n t r o l s  t h e  o p t i c a l  s i g n a l ,  
w h i l e  a d d i t i o n a l  e l e m e n t s  s u c h  a s  l a s e r s  a n d  d e t e c t o r s  a r e  b u i l t  o n  d i f f e r e n t  s u b s t r a t e s  a n d  
a r e  d i r e c t l y  a t t a c h e d  t o  t h e  i n t e g r a t e d  p h o t o n i c  d e v i c e  o r  i n t e r c o n n e c t e d  b y  o p t i c a l  f i b r e s .
I n  m o n o l i t h i c  i n t e g r a t i o n ,  t h e r e  i s  t h e  p o t e n t i a l  t o  i n c r e a s e  t h e  n u m b e r  o f  d e v i c e s  w i t h  
l i t t l e  o r  n o  i m p a c t  o n  p r o d u c t i o n  t i m e .  T h e  m o n o l i t h i c  a p p r o a c h  c o u l d  b e  a l s o  u l t i m a t e l y
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c h e a p e r  i f  m a s s  p r o d u c t i o n  o f  t h e  c i r c u i t  i s  d e s i r e d  b e c a u s e  a u t o m a t e d  b a t c h  p r o c e s s i n g  
c a n  b e  u s e d .  H o w e v e r ,  m o n o l i t h i c  i n t e g r a t i o n  i s  n o t  a  s t r a i g h t f o r w a r d  a p p r o a c h  a n d  i t  c a n  
b e  d i f f i c u l t  t o  i m p r o v e  p e r f o r m a n c e  o f  t h e  c i r c u i t  b e c a u s e  o f  c o n s t r a i n t s  r e g a r d i n g  
m a t e r i a l  s e l e c t i o n .
T h e  m a j o r  a d v a n t a g e  o f  t h e  h y b r i d  a p p r o a c h  i s  t h a t  t h e  p h o t o n i c  i n t e g r a t e d  c i r c u i t s  c a n  b e  
f a b r i c a t e d  u s i n g  e x i s t i n g  t e c h n o l o g y ,  p i e c i n g  t o g e t h e r  d e v i c e s  t h a t  h a v e  b e e n  o p t i m i s e d  i n  
a  g i v e n  m a t e r i a l .  I t s  d i s a d v a n t a g e  i s  t h a t  t h e  b o n d s  h o l d i n g  t h e  v a r i o u s  e l e m e n t s  o f  t h e  
c i r c u i t  t o g e t h e r  a r e  s u b j e c t  t o  m i s a l i g n m e n t ,  o r  e v e n  f a i l u r e ,  b e c a u s e  o f  v i b r a t i o n  a n d  
d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n .  A l s o ,  t h e r e  a r e  m o r e  o p t i c a l  i n t e r f a c e s  i n t r o d u c i n g  
a d d i t i o n a l  o p t i c a l  l o s s .  T e s t i n g  a n d  a s s e m b l y  t i m e s  o f  h y b r i d  i n t e g r a t e d  d e v i c e s  i n c r e a s e s  
w i t h  t h e  n u m b e r  o f  p a r t s  o n  t h e  s u b s t r a t e .  A s  t h e  c o s t s  o f  t e s t i n g  a n d  p a c k a g i n g  c a n  b e  a s  
h i g h  a s  6 0 - 8 0 %  o f  t h e  t o t a l  c o s t  [ 2 . 6 ]  t h e  m o n o l i t h i c  a p p r o a c h  h a s  a  c l e a r  a d v a n t a g e  o v e r  
a  h y b r i d  o n e .
S i n c e  m o s t  p h o t o n i c  c i r c u i t s  w i l l  r e q u i r e  a  s o u r c e  o f  l i g h t ,  m o n o l i t h i c  c i r c u i t s  c a n  o n l y  b e  
f a b r i c a t e d  i n  o p t i c a l l y  a c t i v e  m a t e r i a l s .  P a s s i v e  m a t e r i a l s  a r e  a l s o  u s e f u l  a s  s u b s t r a t e  
m a t e r i a l s  b u t  g e n e r a l l y ,  a n  e x t e r n a l  l i g h t  s o u r c e  s u c h  a s  a  s e m i c o n d u c t o r  l a s e r  m u s t  b e  
c o u p l e d  o p t i c a l l y  a n d  m e c h a n i c a l l y  t o  t h e  s u b s t r a t e  [ 2 . 7 ] ,
C o m m e r c i a l l y  a v a i l a b l e  m o n o l i t h i c  p r o d u c t s  a r e  [ 2 . 6 ] :
■  P h o t o d e t e c t o r  ( P D )  +  A m p l i f i e r  ( S i  ( s h o r t  w a v e l e n g t h ) ,  I n P  p l a t f o r m s )
■  L a s e r  +  M o d u l a t o r  ( I n P  p l a t f o r m )
■  V a r i a b l e  O p t i c a l  A t t e n u a t o r  ( V O A )  +  P D  +  M u l t i p l e x e r  ( I n P  p l a t f o r m )
■  S e m i c o n d u c t o r  O p t i c a l  A m p l i f i e r  ( S O A )  +  M o d u l a t o r  ( I n P  p l a t f o r m )
■  L a s e r  +  S O A  +  M o d u l a t o r  ( I n P  p l a t f o r m )  
w h i l e  c o m m e r c i a l l y  a v a i l a b l e  h y b r i d  p r o d u c t s  i n c l u d e :
■  L a s e r  +  M o d u l a t o r
■  V O  A  +  P D
S i n c e  p h o t o n i c  d e v i c e s  c a n  b e  f a b r i c a t e d  i n  d i f f e r e n t  m a t e r i a l  p l a t f o r m s ,  t h e  m a j o r  
m a t e r i a l  s y s t e m s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
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2.3 Material systems
2 . 3 . 1  L i t h i u m  n i o b a t e
M u c h  o f  t h e  e a r l y  r e s e a r c h  w o r k  w a s  f o c u s e d  a r o u n d  l i t h i u m  n i o b a t e  ( L i N b 0 3 ) ,  b e c a u s e  i t  
e x h i b i t s  a  l a r g e  l i n e a r  e l e c t r o - o p t i c  e f f e c t  ( P o c k e l s  e f f e c t )  a n d  h e n c e  p o t e n t i a l  f o r  t h e  
p r o d u c t i o n  o f  e l e c t r o - o p t i c  w a v e g u i d e  m o d u l a t o r s  [ 2 . 7 ] .  S i n c e  t h e n ,  L i N b 0 3  h a s  
d e v e l o p e d  i n t o  a  c o m m e r c i a l l y  m a t u r e  h i g h  s p e e d  m o d u l a t o r  t e c h n o l o g y .  I t s  p o p u l a r i t y  
a r i s e s  f r o m  t h e  m i x t u r e  o f  c o m m e r c i a l  a n d  t e c h n i c a l  r e a s o n s :  t h e  m a t e r i a l  i s  r e l a t i v e l y  
c h e a p ,  r e a d i l y  a v a i l a b l e  a n d  h a s  g o o d  o p t i c a l  a n d  e l e c t r o o p t i c a l  p r o p e r t i e s .
T h e  a p p l i c a t i o n  a r e a  c a n  b e  r o u g h l y  s u b d i v i d e d  i n t o  c o m m u n i c a t i o n  d e v i c e s ,  s e n s o r  a n d  
s i g n a l  p r o c e s s i n g  c o m p o n e n t s  a n d  p a r t s  f o r  o p t i c a l  d a t a  s t o r a g e .  T h e r e  i s  a  n u m b e r  o f  
h y b r i d  p h o t o n i c  c i r c u i t s  f a b r i c a t e d  i n  L i N b 0 3  t h a t  a r e  c o m m e r c i a l l y  a v a i l a b l e  [ 2 . 8 ,  2 . 9 ]  
( p h a s e  m o d u l a t o r s ,  M a c h - Z e h n d e r  i n t e r f e r o m e t r i c  m o d u l a t o r s ,  s w i t c h e s ,  A / D  c o n v e r t e r s  
a n d  w a v e l e n g t h  f i l t e r s ) .  T h e  m a j o r  d r a w b a c k s  o f  L i N b 0 3  a r e  h i g h  b i r e f r i n g e n c e  a n d  
p h o t o r e f r a c t i v e  d a m a g e ,  a l t h o u g h  t h e  l a t t e r  h a s  b e e n  d r a m a t i c a l l y  r e d u c e d  i n  r e c e n t  y e a r s .  
A l s o ,  L i N b 0 3  i s  l o w  i n d e x  c o n t r a s t  m a t e r i a l  a n d  h e n c e  w a v e g u i d e s  h a v e  l a r g e  
d i m e n s i o n s .
2 . 3 . 2  S i l i c a
T h e  s i l i c a  o n  s i l i c o n  t e c h n o l o g y  i s  t h e  m o s t  w i d e l y  u s e d  w a v e g u i d e  t e c h n o l o g y .  
W a v e g u i d e  s t r u c t u r e s  i n  g l a s s  e x h i b i t  e x t r e m e l y  l o w  w a v e g u i d e  l o s s e s  i r r e s p e c t i v e  o f  t h e  
u n d e r l y i n g  f a b r i c a t i o n  t e c h n o l o g y .  M o s t  o f  t h e  w a v e g u i d e  s t r u c t u r e s  a r e  f i b r e - m a t c h e d ,  
i . e . ,  t h e  c h i p s  c a n  b e  b u t t - c o u p l e d  t o  s t a n d a r d  s i n g l e  m o d e  f i b r e s .  T h e y  a r e  f a b r i c a t e d  b y  
t w o  d i f f e r e n t  t e c h n o l o g i e s :  d i f f u s i o n  a n d  d e p o s i t i o n .  I o n  e x c h a n g e  t e c h n o l o g y  i s  b a s e d  o n  
t h e  e x c h a n g e  o f  i o n s  i n  s p e c i a l  g l a s s e s  b y  p u r e l y  t h e r m a l  o r  f i e l d - a s s i s t e d  d i f f u s i o n .  
A l t e r n a t i v e l y ,  w a v e g u i d e  s t r u c t u r e s  c a n  a l s o  b e  f a b r i c a t e d  b y  t h e  d e p o s i t i o n  o f  g l a s s  u s i n g  
c h e m i c a l  v a p o u r  d e p o s i t i o n  ( C V D )  o r  f l a m e  h y d r o l y s i s  d e p o s i t i o n  ( F H D )  o n  a  s u b s t r a t e  
( u s u a l l y  s i l i c o n ) .  F a s t e r  d e p o s i t i o n  o f  t h i c k  l a y e r s  i s  p o s s i b l e  w i t h  F H D ,  b u t  i t  i s  m o r e  
d i f f i c u l t  t o  a c h i e v e  g o o d  u n i f o r m i t y  o v e r  l a r g e  w a f e r s .
S i l i c a  o n  s i l i c o n  A W G s  h a v e  d o m i n a t e d  t h e  c o m m e r c i a l  m a r k e t  f o r  W D M  p l a n a r  
w a v e g u i d e  d e v i c e s  [ 2 . 9 ] .  T r a n s c e i v e r s  f o r  1 . 3 / 1 . 5 5 - m i c r o n  s y s t e m s  a r e  a l s o  b e i n g  
d e v e l o p e d  i n  g u i d e d  w a v e  f o r m .  S i l i c a  t e c h n o l o g y  i s  b e i n g  u s e d  f o r  p l a n a r  l i g h t w a v e
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c i r c u i t s  f o r  t h e s e  t r a n s c e i v e r s  i n  w h i c h  l a s e r  d i o d e s ,  d e t e c t o r s  a n d  o t h e r  e l e m e n t s  a r e  
h y b r i d i z e d  o n t o  t h e  s i l i c a .  C o u p l e r s ,  f i l t e r s ,  s w i t c h e s ,  a n d  a t t e n u a t o r s  h a v e  a l s o  b e e n  
d e m o n s t r a t e d  i n  t h i s  t e c h n o l o g y  [ 2 . 1 0 ,  2 . 1 1 ,  2 . 1 2 ,  2 . 1 3 ] ,  H o w e v e r ,  t h i s  t e c h n o l o g y  i s  n o t  
f u l l y  c o m p a t i b l e  w i t h  C M O S  p r o c e s s i n g .  T h e r e  e x i s t s  a  l a r g e  m i s m a t c h  b e t w e e n  t h e  
t h i c k n e s s  o f  t h e  w a v e g u i d e  l a y e r s  a n d  t h e  a c t i v e  e l e c t r o n i c  d e v i c e s .  F u r t h e r ,  t h e  t h i c k  
d i e l e c t r i c  l a y e r s  r e s u l t  i n  s t r e s s ,  w h i c h  c a n  b e  p r o b l e m a t i c  i n  t h e  I C  p r o c e s s i n g .  D u e  t o  
s m a l l  d i f f e r e n c e s  b e t w e e n  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  s i l i c a  w a v e g u i d e  c o r e  a n d  t h e  
s u r r o u n d i n g  c l a d d i n g ,  t h e  r a d i u s  o f  c u r v a t u r e  o f  w a v e g u i d e  b e n d s  c a n n o t  b e  a s  s m a l l  a s  
t h o s e  i n  s i l i c o n ,  h i  a d d i t i o n ,  y i e l d s  i n  t h i s  t e c h n o l o g y  h a v e  b e e n  l o w ,  e s p e c i a l l y  i n  l a r g e  
d e v i c e s  s u c h  a s  A W G s ,  w h e r e  y i e l d s  b e l o w  1 0 %  a r e  t h e  n o r m  [ 2 . 1 4 ] .
2 . 3 . 3  S i l i c o n  o x y n i t r i d e
I n  t h e  l a s t  d e c a d e ,  s i l i c o n  o x y n i t r i d e  ( S i O x N y  o r  S i O N )  h a s  b e e n  i n c r e a s i n g l y  a p p l i e d  i n  
v a r i o u s  i n t e g r a t e d  o p t i c a l  d e v i c e s .  A p p l i c a t i o n  o f  t h i s  m a t e r i a l  h a s  b e e n  m a i n l y  m o t i v a t e d  
b y  i t s  e x c e l l e n t  o p t i c a l  p r o p e r t i e s ,  s u c h  a s  l o w  a b s o r p t i o n  l o s s e s  i n  t h e  v i s i b l e  a n d  n e a r  
i n f r a r e d  w a v e l e n g t h  r a n g e .  M o r e o v e r ,  t h e  r e f r a c t i v e  i n d e x  o f  S i O N  t h i n  f i l m s  c a n  b e  
e a s i l y  a d j u s t e d  o v e r  a  l a r g e  r a n g e ,  i . e . ,  b e t w e e n  1 . 4 5  ( S i 0 2 )  a n d  2 . 0  ( S i 3 N 4) .  I n  a d d i t i o n ,  
s t a n d a r d  s i l i c o n  s u b s t r a t e s  c a n  b e  u s e d  a n d  r e l i a b l e  t e c h n i q u e s  t h a t  a r e  c o m p a t i b l e  w i t h  
s t a n d a r d  s i l i c o n  i n t e g r a t e d  c i r c u i t  p r o c e s s i n g ,  a r e  a v a i l a b l e  f o r  c o n t r o l l e d  d e p o s i t i o n  o f  
h o m o g e n o u s ,  h i g h - q u a l i t y  t h i n  f i l m s .  T h i s  o p e n s  a  p o t e n t i a l  r o u t e  t o w a r d  l o w - c o s t  m a s s  
p r o d u c t i o n .
S i l i c o n  o x y n i t r i d e  f i l m s  c a n  b e  d e p o s i t e d  u s i n g  v a r i o u s  t e c h n o l o g i e s .  T h e  m o s t  
e x t e n s i v e l y  a p p l i e d  t e c h n o l o g i e s  a r e  P l a s m a  E n h a n c e d  C h e m i c a l  V a p o u r  D e p o s i t i o n  
( P E C V D )  a n d  L o w - P r e s s u r e  C h e m i c a l  V a p o u r  D e p o s i t i o n  ( L P C V D ) .  U s u a l l y ,  L P C V D  i s  
a p p l i e d  f o r  d e p o s i t i o n  o f  w a v e g u i d e s  w i t h  h i g h e r  r e f r a c t i v e  i n d e x  ( r c > 1 . 7 ) ,  w h i l e  P E C V D  
i s  m o s t  s u i t a b l e  f o r  c o n t r o l l e d  d e p o s i t i o n  o f  l a y e r s  w i t h  r e f r a c t i v e  i n d i c e s  b e l o w  1 . 7
[ 2 . 1 5 ] .  B e c a u s e  o f  t h e  s l o w e r  d e p o s i t i o n  r a t e ,  L P C V D  i s  s u i t a b l e  f o r  t h e  g r o w t h  o f  t h i n  
l a y e r s  ( 1 0 - 5 0 0 n m ) ,  w h i l e  P E C V D  c a n  b e  u s e d  f o r  d e p o s i t i o n  o f  t h i c k  w a v e g u i d e s  ( 0 . 5 -  
1 0 p m )  [ 2 . 1 6 ] .
F o r  b o t h  P E C V D  a n d  L P C V D  g r o w n  l a y e r s ,  t h e  o p t i c a l  l o s s  o f  s l a b - t y p e  w a v e g u i d e s  i s  
u s u a l l y  b e l o w  0 . 2 d B / c m  i n  t h e  v i s i b l e  r a n g e .  A t  w a v e l e n g t h s  a r o u n d  1 5 0 0 m n ,  t h e  o p t i c a l  
l o s s e s  a r e  c o n s i d e r a b l y  h i g h e r ,  d u e  t o  a b s o r p t i o n  c a u s e d  b y  v i b r a t i o n  o v e r t o n e s  o f  t h e  N - H
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a n d  S i - H  b o n d s .  F o r  t h e  l a y e r s  w i t h  c o m p a r a b l e  c o m p o s i t i o n ,  t h e  a b s o r p t i o n  l o s s  o f  
L P C V D  g r o w n  l a y e r s  w i l l  b e  s i g n i f i c a n t l y  l o w e r  t h a n  f o r  P E C V D  l a y e r s .  A t  t h e  
w a v e l e n g t h  o f  ~ 1 . 5 p m ,  o p t i c a l  l o s s  f o r  a  P E C V D  w a v e g u i d e  c a n  b e  a s  h i g h  a s  2 5 d B / c m
[ 2 . 1 7 ] .  T h i s  a b s o r p t i o n  c a n  b e  s i g n i f i c a n t l y  r e d u c e d  b y  p o s t  d e p o s i t i o n  h e a t  t r e a t m e n t  
( a n n e a l i n g )  a t  t e m p e r a t u r e s  u p  t o  1 1 5 0 ° C  [ 2 . 1 8 ,  2 . 1 9 ] .  A f t e r  a n n e a l i n g  t h e  l o s s  a t  1 5 5 0 n m  
c a n  b e  a s  l o w  a s  0 . 2 d B / c m  ( s e e  F i g u r e  2 . 3 ) .  N e v e r t h e l e s s ,  t h e  P E C V D  l a y e r s  w i t h  
r e f r a c t i v e  i n d i c e s  h i g h e r  t h a n  1 . 6  c a n  c r a c k  a f t e r  a n n e a l i n g  [ 2 . 1 6 ] .
c o-Q
Irt
(fl
0
1 Q. 
O
........ —
•  •  ••  •  •
•  .
•  as deposited
A annealed 1000°C
♦  annealed 1150°C
•
A
A
A
A
A O  ♦  A
A O *
»
•
•
•
• •
.......... ................. ,
1480 1500 1520 1540 1560 1580 1600
b ) w a v e le n g t h  [n m )
Figure 2.3. Optical loss o f  PECVD SiON layers with a refractive index o f 1.48 
as a function o f  the anneal temperature [2.19]
M aterial Dimension Refractive index
S iO ,
5 f im
3 p m  r N = 1.45
I
i  Q4 utri L| l .3 p m
S iO N . N = 1.50
S i02 8.5 |xm N ” 1.45
Si-wafer
Figure 2.4. High index contrast SiON waveguide structure [2.21]
13
2 Silicon Photonics
T h e  r e f r a c t i v e  i n d e x  o f  d e p o s i t e d  l a y e r s  i s  t u n e d  b y  t h e  r a t i o  b e t w e e n  t h e  p r o c e s s i n g  g a s e s  
S i E L )  i n  N 2 , N 2 0 ,  a n d  N H 3. T h e  r e p r o d u c i b i l i t y  o f  t h e  r e f r a c t i v e  i n d e x  i s  t y p i c a l l y  w i t h i n  
± ( 0 . 7 - 1 . 7 ) %  [ 2 . 1 8 ,  2 . 2 0 ] .  I t  i s  i n t e r e s t i n g ,  h o w e v e r ,  t h a t  t h e  r e p o r t e d  c h a n g e s  o f  r e f r a c t i v e  
i n d e x  a f t e r  a n n e a l i n g  a r e  c o n t r a d i c t o r y .  W h i l e  B r u n o  a t  a l . ,  [ 2 . 1 8 ]  r e p o r t e d  a  d e c r e a s e  i n  
r e f r a c t i v e  i n d e x  o f  0 . 0 0 6  f o r  5 p m  t h i c k  S i O N  l a y e r s ,  a t  t h e  w a v e l e n g t h  o f  1 5 5 0 n m ,  
G e r m a n n  a t  a l . ,  [ 2 . 2 1 ]  o b s e r v e d  a n  i n c r e a s e  o f  t h e i r  w a v e g u i d e  r e f r a c t i v e  i n d e x  b y  a s  
m u c h  a s  0 . 0 2 ,  a t  t h e  w a v e l e n g t h  o f  6 3 3 n m  ( F i g u r e  2 . 4 ) .  T h e  a u t h o r s  d i d  n o t  p r o v i d e  
e x p l a n a t i o n s  f o r  s u c h  r e s u l t s .  A s  f o r  d e v i c e s  r e a l i s e d  i n  S i O N  t e c h n o l o g y ,  i t  i s  w o r t h  
m e n t i o n i n g  e l e c t r o o p t i c  m o d u l a t o r s  [ 2 . 2 2 ] ,  p o l a r i s a t i o n  s p l i t t e r s  [ 2 . 2 3 ] ,  s e c o n d  h a r m o n i c  
g e n e r a t o r s  [ 2 . 2 4 ] ,  a n d  M Z I - f i l t e r s  [ 2 . 1 5 ] .
2 . 3 . 4  P o l y m e r s
A d v a n c e d  p l a n a r  p o l y m e r  t e c h n o l o g i e s  c a n  m e e t  e c o n o m i c  c r i t e r i a  a s  w e l l  a s  t e c h n i c a l  
r e q u i r e m e n t s  i n  t h e  t e l e c o m  a n d  d a t a c o m  i n d u s t r i e s .  P o l y m e r  w a v e g u i d e s  e x h i b i t  l o w  
s c a t t e r i n g  l o s s e s  a n d  l o w  p o l a r i s a t i o n - d e p e n d e n t  l o s s e s  ( P D L s )  [ 2 . 2 5 ] .  T h e y  a l s o  e x h i b i t  
e l e c t r o - o p t i c ,  p i e z o - e l e c t r i c  a n d  n o n - l i n e a r  e f f e c t s ,  w i t h  c o e f f i c i e n t s  e v e n  h i g h e r  t h e n  
t h o s e  o f  L i N b C t y  I t  i s  p o s s i b l e  t o  t a i l o r  t h e  r e f r a c t i v e  i n d e x  o v e r  a  v e i y  b r o a d  r a n g e  1 . 3 -  
1 . 7 ,  a n d  t o  f a b r i c a t e  s t e p - i n d e x  o r  g r a d e d - i n d e x  o p t i c a l  w a v e g u i d e  s t r u c t u r e s  w i t h  
r e f r a c t i v e  i n d e x  d i f f e r e n c e  t o  w i t h i n  0 . 0 0 0 1  [ 2 . 2 6 ] ,  A c r y l a t e  p o l y m e r s  h a v e  e x t r e m e l y  l o w  
b i r e f r i n g e n c e ,  w h i c h  m a k e s  t h e m  p a r t i c u l a r l y  a t t r a c t i v e  f o r  D W D M  a p p l i c a t i o n s  [ 2 . 2 7 ] .  
T h e y  a r e  c o m p a t i b l e  w i t h  v e i y  d i f f e r e n t  s u b s t r a t e s .  P o l y m e r  c o m p o n e n t s  p r o d u c e d  f o r  t h e  
t e l e c o m  i n d u s t r y  i n c l u d e  s i n g l e  m o d e  s p l i t t e r s  [ 2 . 2 8 ] ,  c o u p l e r s ,  r o u t e r s ,  f i l t e r s  a n d  
s w i t c h e s  [ 2 . 2 9 ] .  C l a d d i n g  a n d  c o r e  l a y e r s  a r e  f o r m e d  b y  s p i n n i n g  a n d  c u r i n g ,  a n d  
w a v e g u i d e  f o r m a t i o n  c a n  b e  a c c o m p l i s h e d  b y  U V  01* R I E  ( r e a c t i v e  i o n  e t c h i n g ) .  
G e n e r a l l y ,  r e l a t i v e l y  i n e x p e n s i v e  p r o c e s s i n g  e q u i p m e n t  i s  r e q u i r e d .  T h e  m a i n  a d v a n t a g e  
o f  p o l y m e r - b a s e d  i n t e g r a t e d  d e v i c e s  i s  t h e i r  p o t e n t i a l  f o r  u s e  i n  t h e  f i e l d  o f  c h e m i c a l  a n d  
b i o l o g i c a l  s e n s o r s ,  b e c a u s e  t h e  o r g a n i c  g r o u p s  i n  t h e  p o l y m e r i c  c o m p o u n d  c a n  b e  
d e s i g n e d  a n d  t a i l o r e d  t o  r e a c t  a g a i n s t  a  s p e c i f i c  m e d i u m .  A l s o ,  d u e  t o  t h e  l a r g e  e l e c t r o ­
o p t i c  c o e f f i c i e n t ,  h i g h  s p e e d  a n d  l o w  v o l t a g e  s w i t c h e s  a n d  m o d u l a t o r s  c a n  b e  d e v e l o p e d .  
T h e  s h o r t c o m i n g s  o f  p o l y m e r s  a r e  p o o r  t h e r m a l  s t a b i l i t y ,  t h e y  a r e  h y d r o p h i l i c  a n d  t h e y  
h a v e  r e l a t i v e l y  l a r g e  v a r i a t i o n  o f  r e f r a c t i v e  i n d e x  w i t h  t e m p e r a t u r e .  A l s o ,  t h e r e  a r e  s o m e  
c o n c e r n s  r e g a r d i n g  a g i n g  o f  t h e  m a t e r i a l ,  p a r t i c u l a r l y  e l e c t r o - o p t i c  p o l y m e r s .
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2 . 3 . 5  l l l - V  c o m p o u n d s
M o s t  o f  t h e  r e s e a r c h  i n  m o n o l i t h i c  i n t e g r a t i o n  h a s  u s e d  g a l l i u m  a l u m i n i u m  a r s e n i d e ,  
G a i _ x A l x A s ,  o r  g a l l i u m  i n d i u m  a r s e n i d e  p h o s p h i d e ,  G a x h i i _ x A s i - y P y . T h e s e  m a t e r i a l s  a r e  
t r a n s p a r e n t  i n  t h e  0 . 6 - 1 2 p m  r a n g e ,  t h e y  h a v e  n e g l i g i b l e  l a t t i c e  m i s m a t c h  w h i c h  r e s u l t s  i n  
m i n i m a l  s t r a i n ,  t h e y  e x h i b i t  l a r g e  e l e c t r o o p t i c  c o e f f i c i e n t s  m a k i n g  t h e m  u s e f u l  f o r  o p t i c a l  
s w i t c h i n g  a n d  m o d u l a t o r  a p p l i c a t i o n s ,  a n d  t h e y  h a v e  w e l l  d e v e l o p e d  t e c h n o l o g y .  B y  
c h a n g i n g  t h e  f r a c t i o n a l  a t o m i c  c o n c e n t r a t i o n  o f  t h e  c o n s t i t u e n t s ,  t h e  e m i t t e d  w a v e l e n g t h  
c a n  b e  v a r i e d  f r o m  0 . 6 5 p m  ( f o r  A l A s )  t o  1 . 7 p m  ( f o r  G a l n A s P ) .  B e c a u s e  o f  a l m o s t  
i d e n t i c a l  l a t t i c e  c o n s t a n t s  o f  G a A s  a n d  A l A s ,  G a A l A s  i s  s u i t a b l e  f o r  t h e  f a b r i c a t i o n  o f  
m u l t i l a y e r e d ,  h e t e r o j u n c t i o n  l a s e r s  [ 2 . 7 ] .  D e v e l o p m e n t  o f  G a l n A s P  w a s  t h e  r e s u l t  o f  
e f f o r t s  t o  p r o d u c e  l i g h t  s o u r c e s  e m i t t i n g  a t  1 . 3 p m  a n d  1 . 5 5 p m  [ 2 . 3 0 ] .  A  c r i t i c a l  d r a w b a c k  
o f  G a A s  i s  t h a t  m a n y  a c t i v e  s t r u c t u r e s  i n  G a A s  w i l l  o n l y  w o r k  a t  w a v e l e n g t h s  b e l o w  
a r o u n d  l p r n .
A s  f o r  t h e  p r o c e s s i n g ,  e p i t a x y  i s  r e q u i r e d ,  w h i c h  l i m i t s  t h e  w a f e r  s i z e  t o  4  i n c h e s .  T w o  
m a i n  t e c h n o l o g i e s  a r e  M o l e c u l a r  B e a m  E p i t a x y  ( M B E ) ,  w h i c h  o f f e r s  t i g h t  c o n t r o l  o v e r  
c o m p o s i t i o n  a n d  u n i f o r m i t y ,  b u t  l o w  t h r o u g h p u t ,  a n d  M e t a l - O r g a n i c  C h e m i c a l  V a p o u r  
D e p o s i t i o n  ( M O C V D )  w h i c h  h a s  h i g h e r  t h r o u g h p u t  b u t  r e d u c e d  c o n t r o l .
S m a l l  d e v i c e s  c a n  b e  r e a l i s e d  i n  h i P  b e c a u s e  o f  t h e  r e l a t i v e l y  h i g h  r e f r a c t i v e  i n d i c e s  o n  
I n P  a n d  i t s  t e r n a r y  a n d  q u a t e r n a r y  d e r i v a t i v e s ,  s u c h  a s  I n G a A s  a n d  I n G a A s P .  I t  h a s  d i r e c t  
b a n d g a p ,  a n d  s t r o n g  e l e c t r o - o p t i c  e f f e c t s .  B y  v a r y i n g  t h e  I n ( G a A s ) P  c o m p o s i t i o n ,  t h e  
b a n d g a p  c a n  b e  t u n e d  a n y w h e r e  b e t w e e n  w a v e l e n g t h s  o f  0 . 9 2 p m  a n d  1 . 6 5 p m .  T h i s  
i n f l u e n c e s  i t s  a b s o r p t i o n  a n d  e l e c t r o - o p t i c a l  c h a r a c t e r i s t i c s ,  e n a b l i n g  t h e  c o n s t r u c t i o n  o f  
t r a n s p a r e n t  w a v e g u i d e  s t r u c t u r e s ,  p h o t o d e t e c t o r s ,  m o d u l a t o r s ,  s w i t c h e s ,  l a s e r s  a n d  
s e m i c o n d u c t o r  o p t i c a l  a m p l i f i e r s  ( S O A s )  f o r  a  w i d e  r a n g e  o f  w a v e l e n g t h s  [ 2 . 3 1 ,  2 . 3 2 ,  
2 . 3 3 , 2 . 3 4 , 2 . 3 5 ] .
D e s p i t e  o f f e r i n g  s u c h  p o t e n t i a l ,  c o m m e r c i a l i s a t i o n  o f  I H - V  d e v i c e s  h a s  n o t  b e e n  v e r y  
s u c c e s s f l i l .  T h e  o n l y  c o m m e r c i a l l y  s u c c e s s f u l  p r o d u c t  i s  t h e  E x t e r n a l l y  M o d u l a t e d  L a s e r  
( E M L ) .  T h e  r e a s o n  f o r  s u c h  a  s i t u a t i o n  i s  t h a t  t h e  i n t e g r a t i o n  i n  I n P  h a s  f a i l e d  t o  d e c r e a s e  
t h e  c o s t  o r  t o  s i g n i f i c a n t l y  i m p r o v e  p e r f o r m a n c e .  I n t e g r a t i o n  o f  d i f f e r e n t  d e v i c e s  o n  I n P  
u s u a l l y  r e q u i r e s  e p i t a x i a l  r e g r o w t h  s t e p s  t h a t  i n c r e a s e  t h e  n u m b e r  o f  p r o c e s s i n g  s t e p s  a n d  
w a f e r  h a n d l i n g .  A l l  t h e s e  s i g n i f i c a n t l y  r e d u c e  t h e  y i e l d  ( 5 - 1 5 %  f o r  E M L  [ 2 . 6 ] ) .
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I n  a d d i t i o n ,  t h e  w a f e r  a n d  p r o c e s s i n g  c o s t  i s  h i g h .  I n P  w a f e r  a r e a  c o s t  c a n  b e  a l m o s t  a n  
o r d e r  o f  m a g n i t u d e  l a r g e r  t h a n  e i t h e r  G a A s  o r  S O L  M o r e o v e r ,  i t  i s  e x p e c t e d  t h a t  S O I  
c o s t s  w i l l  d r o p  w i t h  t h e  i n c r e a s e  i n  d e m a n d  i n  t h e  e l e c t r o n i c s  i n d u s t r y .  T h e  p r o c e s s i n g  
c o s t s  a r e  a l s o  i m p o r t a n t  i n  d e t e r m i n i n g  w h e t h e r  o r  n o t  t h e r e  e x i s t s  m o t i v a t i o n  t o  p u r s u e  a  
p a r t i c u l a r  m a t e r i a l .  F o r  t h e  p u i p o s e  o f  c o m p a r i s o n ,  t h e  c o s t  o f  p r o c e s s i n g  a  5  m e t a l  l a y e r  
s i l i c o n  e l e c t r o n i c  d e v i c e  i s  $ 4 0  p e r  s q u a r e  i n c h  ( i n 2 ) ,  f o r  p r o c e s s i n g  a n  I n P  D i s t r i b u t e d  
F e e d b a c k  ( D F B )  l a s e r  $ 2 0 0 0 / i n 2 , w h i l s t  t h e  c o s t  o f  a  s i l i c a  o n  s i l i c o n  b a s e d  d e v i c e  i s  
$  1 5 0 / i n 2  [ 2 . 6 ] .  T h e s e  c o s t s  a r e  v e r y  i m p o r t a n t  f o r  d e v i c e s  t h a t  h a v e  l a r g e  a r e a  ( e . g .  
w a v e g u i d e s ,  A W G s ) .
2 . 3 . 6  S i l i c o n
D u e  t o  h i g h  r e f r a c t i v e  i n d e x  o f  s i l i c o n ,  i t  i s  p o s s i b l e  t o  f a b r i c a t e  s m a l l e r  s i z e  d e v i c e s  w i t h  
t i g h t e r  b e n d  r a d i i  t h a n  i n  s i l i c a  t e c h n o l o g y .  G e n e r a l l y ,  p r o c e s s i n g  o f  s i l i c o n  p h o t o n i c  
d e v i c e s  i s  c o m p a t i b l e  w i t h  C M O S  t e c h n o l o g y .  I n  a d d i t i o n ,  o l d e r  m i c r o e l e c t r o n i c s  
t e c h n o l o g y  c a n  b e  u s e d ,  w h i c h  a d d i t i o n a l l y  r e d u c e  c o s t s .
S i l i c o n  p h o t o n i c s  w i l l  h a v e  m o r e  c h a n c e  t o  f i n d  a p p l i c a t i o n s  i n  d a t a  c o m m u n i c a t i o n s  t h a n  
i n  t e l e c o m m u n i c a t i o n s .  F i r s t l y ,  t h e  m a r k e t  i s  e x t r e m e l y  c o s t  s e n s i t i v e  a n d  s i l i c o n  h a s  a n  
o b v i o u s  a d v a n t a g e  o v e r  o t h e r  m a t e r i a l s .  S e c o n d l y ,  d i s t a n c e s  a r e  s m a l l e r  a n d  t h e r e f o r e  
s o m e  p e r f o r m a n c e  c r i t e r i a  c a n  b e  s a c r i f i c e d .  F i n a l l y ,  s e r v e r s  a n d  d e s k t o p  c o m p u t e r s  p l a y  
a n  i m p o r t a n t  p a r t  i n  d a t a  c o m m u n i c a t i o n s ,  a n d  s i l i c o n  i s  u b i q u i t o u s  i n  t h a t  a r e a .
U s u a l l y ,  t h e r e  i s  n o  e p i t a x i a l  r e g r o w t h  i n  s i l i c o n  a s  i n  I n P  t e c h n o l o g y .  T h e r e f o r e ,  i t  i s  
r e a s o n a b l e  t o  e x p e c t  v e i y  h i g h  y i e l d ,  a n d  i t  i s  l i k e l y  t h a t  f e w e r  c o m p r o m i s e s  w i l l  b e  
r e q u i r e d  i n  s i l i c o n  t h a n  i n  I n P  i n t e g r a t e d  c i r c u i t s .  A s  t h e  c o s t s  o f  t e s t i n g  a n d  p a c k a g i n g  
c a n  b e  a s  h i g h  a s  6 0 - 8 0 %  o f  t h e  t o t a l  c o s t ,  a n d  p a s s i v e  a l i g n m e n t  c a n  b e  u s e d  i n  s i l i c o n  
p h o t o n i c s ,  t h a t  w i l l  b e  a  s i g n i f i c a n t  a d v a n t a g e  o v e r  I n P .  A l s o  f u t u r e  s i l i c o n - b a s e d  l i g h t  
e m i t t e r s  m i g h t  h a v e  f e w e r  c a t a s t r o p h i c  d e v i c e  f a i l u r e s  t h e n  I I I - V  l i g h t  e m i t t e r s ,  b e c a u s e  i t  
i s  v e r y  u n l i k e l y  t h a t  t h e  l a t t e r  c o u l d  o p e r a t e  f o r  l o n g  t i m e s  a t  t e m p e r a t u r e s  a b o v e  8 0 ° C  
t h a t  a r e  p r e s e n t  i n  t h e  m i c r o p r o c e s s o r .
M o n o l i t h i c  i n t e g r a t i o n  i n  s i l i c o n  i s  t h e  m o s t  c h a l l e n g i n g  a p p r o a c h  d u e  t o  t h e  l i m i t a t i o n s  
o f  s i l i c o n  b a s e d  e m i t t e r s .  S e v e r a l  g r o u p s  a r o u n d  t h e  w o r l d  a r e  a d d r e s s i n g  t h i s  i s s u e  a n d  
t h e  p e r f o r m a n c e  i s  a d v a n c i n g  r a p i d l y  [ 2 . 3 6 ,  2 . 3 7 ] .  A n o t h e r  p r o b l e m  i s  i n t e g r a t i o n  o f  a  S i  
b a s e d  p h o t o d e t e c t o r .  A b o v e  1 . 1  j a m  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  s i l i c o n  i s  v e r y  s m a l l
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a l t h o u g h  S i G e  a l l o y s  c o u l d  b e  e m p l o y e d  f o r  p h o t o d e t e c t i o n  a t  1 . 3  a n d  p e r h a p s  e v e n t u a l l y  
1 . 5 5 p m .  I f  a  S i G e  p r o c e s s  i s  u s e d  f o r  t h e  p h o t o d e t e c t o r  i t  c a n  i n c r e a s e  t h e  n u m b e r  o f  
m a s k  l a y e r s  a n d  i m p o s e  t h e r m a l  c o n s t r a i n t s  r e q u i r e d  f o r  f i l m  s t a b i l i t y .  A s  t h e  a l t e r n a t i v e ,  
G a A s  o r  I n P  l a s e r s  a n d  p h o t o d e t e c t o r s  c o u l d  e i t h e r  b e  b o n d e d  t o  t h e  c h i p  o r  p a c k a g e d  
b e s i d e  t h e  s i l i c o n .
2.4 Silicon photonic devices
A  n u m b e r  o f  s i l i c o n  p h o t o n i c  d e v i c e s  h a v e  b e e n  d e m o n s t r a t e d  i n c l u d i n g :  w a v e g u i d e s  
[ 2 . 3 8 ,  2 . 3 9 ] ,  d i r e c t i o n a l  c o u p l e r s  [ 2 . 4 0 ] ,  g r a t i n g  c o u p l e r s  [ 2 . 4 1 ] ,  m u l t i m o d e  i n t e r f e r e n c e  
( M M I )  c o u p l e r s  [ 2 . 4 2 ] ,  s t a r  c o u p l e r s  [ 2 . 4 3 ] ,  a r r a y e d  w a v e g u i d e  g r a t i n g s  ( A W G )  [ 2 . 4 4 ] ,  
o p t i c a l  s w i t c h e s  [ 2 . 4 5 ] ,  m o d u l a t o r s  [ 2 . 4 6 ] ,  V O A s  [ 2 . 4 7 ] ,  a n d  r i n g  r e s o n a t o r s  [ 2 . 4 8 ] .  
R e c e n t l y ,  t h e r e  h a s  b e e n  i n c r e a s i n g  i n t e r e s t  i n  u s i n g  o f  S i G e  a l l o y s  f o r  p h o t o d e t e c t i o n
[ 2 . 6 ]  a n d  h i g h - s p e e d  m o d u l a t i o n  [ 2 . 4 9 ] ,  a n d  i n  p h o t o n i c  c r y s t a l s  i n  S O I  [ 2 . 5 0 ] .  I t  i s  
b e y o n d  t h e  s c o p e  o f  t h i s  c h a p t e r  t o  d i s c u s s  a l l  o f  t h e s e  d e v i c e s ,  a n d  t h e r e f o r e  a  s e l e c t i o n  
h a s  b e e n  m a d e .  W a v e g u i d e s ,  m o d u l a t o r s  a n d  l a s e r s  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n ,  a n d  
c o u p l e r s  i n  c h a p t e r  3 .
2 . 4 . 1  S i l i c o n  w a v e g u i d e s
T h e  f i r s t  p h o t o n i c s  c o m p o n e n t  i n  a n y  d e v i c e  i s  t h e  w a v e g u i d e  t h r o u g h  w h i c h  l i g h t  
p r o p a g a t e s .  T h e  w a v e g u i d e  s h o u l d  b e  S i  c o m p a t i b l e  a n d  s h o u l d  w i t h s t a n d  n o r m a l  
m i c r o e l e c t r o n i c s  p r o c e s s i n g .  T h e  c o r r e c t  o p e r a t i o n  o f  m a n y  d e v i c e s  i s  c r i t i c a l l y  d e p e n d a n t  
o n  t h e  p r o p a g a t i o n  o f  o n l y  a  s i n g l e  g u i d e d  o p t i c a l  m o d e  t h r o u g h  w a v e g u i d e s .  F o r  
e x a m p l e ,  h i g h e r  o r d e r  g u i d e d  m o d e s  i n t r o d u c e  c r o s s - t a l k  i n  A W G s ,  u n e x p e c t e d  s p l i t  
r a t i o s  i n  Y - j u n c t i o n s  a n d  M M I  d e v i c e s ,  a n d  l o w  e x t i n c t i o n  r a t i o  i n  d i r e c t i o n a l  c o u p l e r  
s w i t c h e s .  M u c h  o f  t h e  e a r l y  w o r k  i n  S O I  w a s  f o c u s e d  o n  l a r g e  c r o s s - s e c t i o n  w a v e g u i d e s ,  
t o  r e d u c e  c o u p l i n g  l o s s  f r o m  a n  o p t i c a l  f i b r e .  T h e r e f o r e ,  a  r i b  s t r u c t u r e  w a s  p r o p o s e d  t o  
e n a b l e  s i n g l e  m o d e  o p e r a t i o n  f o r  t h o s e  l a r g e  w a v e g u i d e s  ( F i g u r e  2 . 5 ) .  I f  t h e  g e o m e t r y  o f  
t h e  r i b  w a v e g u i d e  i s  c o r r e c t l y  d e s i g n e d ,  t h a t  i s  i f  t h e  f o l l o w i n g  e x p r e s s i o n  i s  f u l f i l l e d
[ 2 . 5 1 ] :
| , ° . 3  +  - ^  ( 0 . 5 ,  , , 1 )  ( 2 . 1 )
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h i g h e r  o r d e r  m o d e s  l e a k  o u t  o f  t h e  w a v e g u i d e  o v e r  a  v e r y  s h o r t  d i s t a n c e ,  l e a v i n g  o n l y  t h e  
f u n d a m e n t a l  m o d e  p r o p a g a t i n g .
w
<  >
Figure 2.5. SOI rib waveguide
D u e  t o  t h e  h i g h  r e f r a c t i v e  i n d e x  o f  s i l i c o n ,  w a v e g u i d e s  c a n  b e  m a d e  s i g n i f i c a n t l y  s m a l l e r  
a s  c o m p a r e d  t o  t h o s e  m a d e  i n  a  l o w  i n d e x  m e d i u m  ( e . g .  s i l i c a ) ,  o f f e r i n g  a  p o s s i b i l i t y  o f  
f a b r i c a t i n g  c o m p a c t  d e v i c e s  w i t h  s m a l l  b e n d  r a d i i .  H o w e v e r ,  t h i s  c o m e s  w i t h  i n c r e a s e d  
s c a t t e r i n g  l o s s e s  d u e  t o  s i d e w a l l  r o u g h n e s s  [ 2 . 5 2 ]  a n d  i n c r e a s e d  s e n s i t i v i t y  t o  p o l a r i s a t i o n  
d e p e n d a n t  l o s s  [ 2 . 5 3 ] .  I t  h a s  b e e n  a l s o  s h o w n  t h a t  f o r  s m a l l e r  r i b  w a v e g u i d e s  e q u a t i o n
( 2 . 1 )  i s  n o t  v a l i d ,  a n d  t h a t  i n  o r d e r  t o  e n s u r e  b o t h  s i n g l e  m o d e  a n d  b i r e f r i n g e n c e  f r e e  
p r o p a g a t i o n  i n  s m a l l  S O I  r i b  w a v e g u i d e s  m o r e  a c c u r a t e  e x p r e s s i o n  s h o u l d  b e  a p p l i e d
[ 2 . 5 4 ]
—  <  0 . 0 5  +  ( g i 9 4 .-1 0 -2 5 ^ ) ' '  ( 0 . 3  <  < 0 . 5  and  1 . 0  <  <  1 . 5 )  . ( 2 . 2 )
O n e  o f  t h e  m a j o r  r e q u i r e m e n t s  f o r  a  s u c c e s s f u l  i m p l e m e n t a t i o n  o f  a n y  g i v e n  t e c h n o l o g y  i s  
t h a t  w a v e g u i d e s  a r e  l o w  l o s s .  I t  w a s  d e m o n s t r a t e d  ( e . g .  [ 2 . 5 5 ] )  t h a t  s i n g l e  m o d e  S O I  r i b  
w a v e g u i d e s  c a n  a c h i e v e  O . l d B / c m  l o s s  f o r  b o t h  p o l a r i s a t i o n s .
2 . 4 . 2  S i l i c o n  m o d u l a t o r s
A  k e y  r e q u i r e m e n t  f o r  a n  i n t e g r a t e d  o p t i c a l  t e c h n o l o g y ,  e s p e c i a l l y  f o r  c o m m u n i c a t i o n s  
a p p l i c a t i o n s ,  i s  t h e  a b i l i t y  t o  p e r f o r m  o p t i c a l  m o d u l a t i o n .  T h i s  r e l a t e s  t o  a  c h a n g e  i n  t h e  
o p t i c a l  f i e l d  a s  a  r e s u l t  o f  a n  a p p l i e d  s i g n a l ,  t y p i c a l l y  b u t  n o t  e x c l u s i v e l y ,  a n  e l e c t r i c  
s i g n a l .
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A s  o p p o s e d  t o  L i N b 0 3  a n d  U I - V  m a t e r i a l s ,  u n s t r a i n e d  p u r e  c r y s t a l l i n e  s i l i c o n  e x h i b i t s  n o  
l i n e a r  e l e c t r o - o p t i c  e f f e c t ,  a n d  t h e  r e f r a c t i v e  i n d e x  c h a n g e s  d u e  t o  t h e  F r a n z - K e l d y s h  a n d  
K e n *  e f f e c t  a r e  a l s o  s m a l l  [ 2 . 5 6 ] .  H e n c e ,  t h e  m a j o r i t y  o f  r e s e a r c h  h a s  f o c u s e d  o n  u s i n g  t h e  
f r e e  e a r n e r  p l a s m a  d i s p e r s i o n  e f f e c t .
T h e  p l a s m a  d i s p e r s i o n  e f f e c t  i s  r e l a t e d  t o  t h e  d e n s i t y  o f  f r e e  e a r n e r s  i n  a  s e m i c o n d u c t o r ,  
w h i c h  c h a n g e s  b o t h  t h e  r e a l  a n d  i m a g i n a r y  p a r t s  o f  t h e  r e f r a c t i v e  i n d e x .  T h i s  i s  d e s c r i b e d  
b y  t h e  D r u d e - L o r e n z  e q u a t i o n s  t h a t  r e l a t e  t h e  c o n c e n t r a t i o n  o f  e l e c t r o n s  (Ne) a n d  h o l e s  
(Nk) t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  a  a n d  r e f r a c t i v e  i n d e x  n. F o r  a  m o d u l a t o r ,  t h e  m o s t  
c o n v e n i e n t  w a y  o f  e x p r e s s i n g  t h i s  i s  a s  t h e  c h a n g e  i n  t h e s e  p a r a m e t e r s ,  A  a  a n d  An, w i t h  
t h e  c h a n g e  i n  e l e c t r o n  a n d  h o l e  d e n s i t i e s ,  ( A Ne) a n d  ( A M i ) ,  a s  f o l l o w s  [ 2 . 5 7 ] :
e 3 ! 2  
A  a  = '  0
4 n 1(?e„n
A N A N ,
Me
An =
- e  A 'O
%7i2c 2E0n
AAf. , &Nh
v  mce mch j
( 2 . 3 )
( 2 . 4 )
w h e r e  e  i s  t h e  e l e c t r o n i c  c h a r g e ;  c i s  t h e  v e l o c i t y  o f  l i g h t  i n  a  v a c u u m ;  /ne i s  t h e  e l e c t r o n  
m o b i l i t y ;  jU/, i s  t h e  h o l e  m o b i l i t y ;  mce* i s  t h e  e f f e c t i v e  m a s s  o f  e l e c t r o n s ;  mCh i s  t h e  
e f f e c t i v e  m a s s  o f  h o l e s ;  N e i s  t h e  f r e e  e l e c t r o n  c o n c e n t r a t i o n ;  Ni, i s  t h e  f r e e  h o l e  
c o n c e n t r a t i o n ;  s0 i s  t h e  p e r m i t t i v i t y  o f  f r e e  s p a c e ;  a n d  X0 i s  t h e  f r e e  s p a c e  w a v e l e n g t h .
S o r e f  a n d  B e n n e t t  [ 2 . 5 8 ]  e v a l u a t e d  c h a n g e s  d u e  t o  i n j e c t i o n  o r  d e p l e t i o n  o f  c a r r i e r s  i n  S i  
a n d  p r o d u c e d  e x t r e m e l y  u s e f u l  e x p r e s s i o n s  w h i c h  a r e  n o w  u s e d  a l m o s t  u n i v e r s a l l y .  F o r  
t h e  w a v e l e n g t h  o f  1 . 5 5  p m ,  t h e s e  e x p r e s s i o n s  a r e
A  n =  A  ne + An,, =  - [ 8 . 8  x  1  0~22 + 8 . 5  x i r " ( i W (  ) 0 S  J  ( 2 . 5 )
A a  = A a e + A a ll = + [ 8 . 5 x l O _ 1 8 A W e +  6 . 0 x 1 0 “ i 8 A W ;, J  ( 2 . 6 )
w h e r e :  Ane i s  t h e  c h a n g e  i n  r e f r a c t i v e  i n d e x  r e s u l t i n g  f r o m  c h a n g e  i n  f r e e  e l e c t r o n  
c o n c e n t r a t i o n s ;  An/, i s  t h e  c h a n g e  i n  r e f r a c t i v e  i n d e x  r e s u l t i n g  f r o m  c h a n g e  i n  f r e e  h o l e  
c o n c e n t r a t i o n s ;  A a e i s  t h e  c h a n g e  i n  a b s o r p t i o n  r e s u l t i n g  f r o m  c h a n g e  i n  f r e e  e l e c t r o n  
c o n c e n t r a t i o n s ;  a n d  Aa/t i s  t h e  c h a n g e  i n  a b s o r p t i o n  r e s u l t i n g  f r o m  c h a n g e  i n  f r e e  h o l e  
c o n c e n t r a t i o n s .
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I n  o r d e r  t o  a c h i e v e  e a r n e r  i n j e c t i o n  i n  a  s e m i c o n d u c t o r ,  c u r r e n t  f l o w  i s  n e e d e d  t h r o u g h  t h e  
d e v i c e .  O n e  o f  t h e  s i m p l e s t  w a y s  o f  d o i n g  t h i s  i s  t o  u s e  a  p n  j u n c t i o n .  H o w e v e r ,  s i n c e  a  pn  
j u n c t i o n  r e q u i r e s  r e l a t i v e l y  h i g h  d o p i n g  c o n c e n t r a t i o n s  i n  t h e  p  a n d  n r e g i o n s ,  s u c h  d o p i n g  
w i l l  c a u s e  h i g h  o p t i c a l  l o s s  v i a  a b s o r p t i o n  i f  t h e  d o p e d  r e g i o n s  a r e  f o r m e d  i n  t h e  p a r t s  o f  
t h e  w a v e g u i d e  w h e r e  t h e  o p t i c a l  p o w e r  i s  c o n c e n t r a t e d .  C o n s e q u e n t l y  a  p in  s t r u c t u r e  i s  
m o r e  a p p r o p r i a t e  f o r  s u c h  a  d e v i c e ,  t h e  i n t r i n s i c  r e g i o n  c o i n c i d i n g  w i t h  t h e  r e g i o n  o f  t h e  
w a v e g u i d e  c o n t a i n i n g  o p t i c a l  p o w e r .  O n e  s u c h  e x a m p l e  i s  s h o w n  i n  F i g u r e  2 . 6 .
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Figure 2.6. Three-terminal rib waveguide device based on SO I [2 .59]
A  n u m b e r  o f  s i l i c o n  w a v e g u i d e - b a s e d  o p t i c a l  m o d u l a t o r s  h a v e  b e e n  p r o p o s e d  a n d  
d e m o n s t r a t e d  [ 2 . 4 6 ] .  I n i t i a l l y ,  s e v e r a l  m i c r o n  h i g h  r i b  s t r u c t u r e s  w e r e  e x a m i n e d ,  m a i n l y  
t o  e n a b l e  e f f i c i e n t  f i b r e  c o u p l i n g .  H o w e v e r ,  m o d u l a t o r s  b a s e d  o n  s u c h  s t r u c t u r e s  w e r e  
s l o w ,  a n d  f o r  m a n y  y e a r s  t h e  f a s t e s t  d e m o n s t r a t e d  s p e e d  o f  a n  o p t i c a l  m o d u l a t o r  b a s e d  o n  
c u r r e n t  i n j e c t i o n  i n  S O I  w a s  a p p r o x i m a t e l y  2 0 M H z  [ 2 . 6 0 ]  m a k i n g  t h e m  o f  l i t t l e  p r a c t i c a l  
i n t e r e s t  b e c a u s e  t o d a y ’ s  c o m m u n i c a t i o n  n e t w o r k s  a r e  d e m a n d i n g  G H z  p e r f o r m a n c e .
R e c e n t l y ,  h o w e v e r ,  b o t h  t h e o r e t i c a l  [ 2 . 6 1 ,  2 . 6 2 ]  a n d  e x p e r i m e n t a l  [ 2 . 6 3 ]  d e m o n s t r a t i o n s  
o f  a  G i g a h e r t z  m o d u l a t o r  h a v e  b e e n  r e p o r t e d .  T h i s  i s  a  m a j o r  m i l e s t o n e  i n  s i l i c o n  
p h o t o n i c s .  F i g u r e  2 . 7  s h o w s  a  s c h e m a t i c  o f  t h e  M O S  c a p a c i t o r  b a s e d  m o d u l a t o r  r e p o r t e d  
b y  I n t e l  C o r p o r a t i o n  [ 2 . 6 3 ] .
T h e  d e v i c e  w a s  f a b r i c a t e d  u s i n g  s t a n d a r d  C M O S  p r o c e s s i n g  a n d  c o n s i s t s  o f  /2- t y p e  
c r y s t a l l i n e  s i l i c o n  w i t h  a n  u p p e r  ‘ r i b ’ o f  / / - t y p e  p o l y s i l i c o n .  T h e  /2- t y p e  a n d  p - t y p e  r e g i o n s
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a r e  s e p a r a t e d  b y  a  t h i n  i n s u l a t i n g  o x i d e  l a y e r .  U p o n  a p p l i c a t i o n  o f  a  p o s i t i v e  v o l t a g e  t o  t h e  
/ / - t y p e  p o l y s i l i c o n ,  c h a r g e  c a r r i e r s  a c c u m u l a t e  a t  t h e  o x i d e  i n t e r f a c e ,  c h a n g i n g  t h e  
r e f r a c t i v e  i n d e x  d i s t r i b u t i o n  i n  t h e  d e v i c e .  T h i s  i n  t u r n  i n d u c e s  a  p h a s e  s h i f t  i n  t h e  o p t i c a l  
w a v e  p r o p a g a t i n g  t h r o u g h  t h e  d e v i c e .
Metal contact
1  x  1 0 1 9
O  ► x
Buried
oxide
Figure 2.7. 1GHz silicon modulator [2.63]
A  1  G b i t / s  p s e u d o r a n d o m  b i t  s e q u e n c e  w a s  a p p l i e d  t o  t h e  d e v i c e  a n d  a  h i g h - b a n d w i d t h  
p h o t o r e c e i v e r  w a s  u s e d  f o r  d e t e c t i n g  t h e  t r a n s m i t t e d  o p t i c a l  s i g n a l .  F i g u r e  2 . 8  s h o w s  t h e  
o p t i c a l  s i g n a l  f a i t h f u l l y  r e p r o d u c i n g  t h e  1  G b i t / s  e l e c t r i c a l  d a t a  s t r e a m .  T h e  o n - c h i p  l o s s  
f o r  t h i s  d e v i c e  i s  - 6 . 7  d B .  T h e  d r a w b a c k  o f  t h i s  d e v i c e  i s  t h a t  it  i s  p o l a r i s a t i o n  d e p e n d e n t  
d u e  t o  t h e  h o r i z o n t a l  g a t e  o x i d e  l o s s .  P h a s e  m o d u l a t i o n  e f f i c i e n c y  f o r  T E  p o l a r i s a t i o n  i s  
l a r g e r  t h a n  T M  p o l a r i s a t i o n  b y  a  f a c t o r  o f  7 .  A l l  m e a s u r e m e n t s  r e p o r t e d  w e r e  m a d e  u s i n g  
T E  p o l a r i s a t i o n .
T h e  a u t h o r s  a l s o  s u g g e s t e d  s e v e r a l  m e t h o d s  t h a t  m a y  i m p r o v e  t h e  d e v i c e  p e r f o r m a n c e  
e v e n  f u r t h e r .  T h e  f i r s t  i s  r e p l a c i n g  t h e  / / - t y p e  p o l y s i l i c o n  w i t h  s i n g l e  c r y s t a l  s i l i c o n ,  
r e d u c i n g  o n - c h i p  l o s s  b y  ~ 5  d B .  A n o t h e r  s u g g e s t i o n  i s  t h e  r e d u c t i o n  o f  t h e  d e v i c e  
d i m e n s i o n s  a s  t h e  c a p a c i t a n c e  i s  r e d u c e d  t h r o u g h  s u c h  a  s h r i n k a g e .  T h e y  a l s o  s u g g e s t e d  
u s i n g  a  g r a d e d  d o p i n g  p r o f i l e  i n  t h e  v e r t i c a l  d i r e c t i o n  o f  t h e  d e v i c e  s u c h  t h a t  h i g h e r  
d o p i n g  d e n s i t i e s  e x i s t  i n  t h e  a r e a s  c l o s e  t o  t h e  g a t e  o x i d e  a n d  l o w e r  d o p i n g  c o n c e n t r a t i o n s  
i n  t h e  r e s t  o f  t h e  w a v e g u i d e .  I t  i s  e x p e c t e d  t h a t  t h e  d e v i c e  c a n  o p e r a t e  a t  1 0 G H z  a n d  
4 G H z  h a s  b e e n  r e c e n t l y  a c h i e v e d  [ 2 . 6 4 ] .
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R e l a t i v e  t i m e  ( n s )
Figure 2.8. Pseudorandom bit sequence o f  a silicon MZI containing a single 2.5 mm long MOS 
capacitor device in one arm (Figure 2.7) at a data bit rate o f  1 Gbit/s [2.63]
2 . 4 . 3  S i l i c o n  e m i t t e r s
h i  o r d e r  t o  a c h i e v e  m o n o l i t h i c  i n t e g r a t i o n  i n  s i l i c o n ,  a  s i l i c o n - b a s e d  e m i t t e r  ( l i g h t  e m i t t i n g  
d i o d e  ( L E D )  o r  S i  l a s e r )  i s  n e e d e d .  T h e  a b s e n c e  o f  s i l i c o n  a m o n g  o t h e r  s e m i c o n d u c t o r  
m a t e r i a l s  t h a t  h a v e  b e e n  u s e d  f o r  l a s e r  f a b r i c a t i o n  i s  s t r i k i n g .  T h a t  i s  t h e  r e s u l t  o f  t h e  
s i l i c o n  f u n d a m e n t a l  p r o p e r t i e s .  F i g u r e  2 . 9  [ 2 . 6 5 ]  s h o w s  t h e  s i l i c o n  b a n d  d i a g r a m  w i t h  t h e  
m o s t  r e l e v a n t  t r a n s i t i o n s  ( b l a c k :  a b s o r p t i o n  o f  a  p h o t o n  v i a  a  p h o n o n - a s s i s t e d  i n d i r e c t  
t r a n s i t i o n ;  r e d :  e m i s s i o n  o f  a  p h o t o n  v i a  a  p h o n o n - a s s i s t e d  i n d i r e c t  t r a n s i t i o n ;  o r a n g e :  f r e e  
e a r n e r  a b s o r p t i o n ;  g r e e n :  A u g e r  r e c o m b i n a t i o n  p r o c e s s ) .  I t  c a n  b e  s e e n  t h a t  s i l i c o n ,  u n l i k e  
m - V  c o m p o u n d s ,  i s  a n  i n d i r e c t  b a n d  g a p  m a t e r i a l .  T h e  p r o b a b i l i t y  f o r  p h o n o n - a s s i s t e d ,  
r a d i a t i v e  e l e c t r o n - h o l e  r e c o m b i n a t i o n  ( i . e . ,  r e s u l t i n g  i n  t h e  s p o n t a n e o u s  e m i s s i o n  o f  
p h o t o n s )  i s  l o w  ( ~ 1 0 ' 6 )  d u e  t o  a  d o m i n a t i o n  o f  n o n r a d i a t i v e  r e c o m b i n a t i o n  m e c h a n i s m s  
s u c h  a s  t h o s e  v i a  l a t t i c e  d e f e c t  o r  t h e  A u g e r  m e c h a n i s m .
T h e  A u g e r  r e c o m b i n a t i o n  ( g r e e n  m e c h a n i s m  i n  F i g u r e  2 . 9 )  i s  a  t h r e e - p a r t i c l e  
r e c o m b i n a t i o n  m e c h a n i s m  w h e r e  a n  e x c i t e d  e l e c t r o n  r e c o m b i n e s  w i t h  a  h o l e  b y  r e l e a s i n g  
t h e  e x c e s s  e n e r g y  t o  a n o t h e r  c a r r i e r .  T h e  p r o b a b i l i t y  o f  A u g e r  r e c o m b i n a t i o n  i n c r e a s e s  a s  
t h e  d e n s i t y  o f  e x c i t e d  e a r n e r s  i n c r e a s e s ,  a n d  d e c r e a s e s  a s  t h e  s e m i c o n d u c t o r  b a n d  g a p
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e n e r g y  i n c r e a s e s ,  w h i c h  i s  u n d e s i r a b l e  f o r  a  s i l i c o n  l a s e r .  A u g e r  r e c o m b i n a t i o n  i s  
d o m i n a n t  m e c h a n i s m  f o r  h i g h  c a r r i e r  i n j e c t i o n  r a t e  i n  s i l i c o n .
I n  t h e  f r e e  c a r r i e r  a b s o r p t i o n  ( o r a n g e  m e c h a n i s m  i n  F i g u r e  2 . 9 ) ,  e x c i t e d  c a r r i e r s  c a n  
a b s o r b  p h o t o n s ,  d e p l e t i n g  t h e  i n v e r t e d  p o p u l a t i o n  a n d  i n c r e a s i n g  o p t i c a l  l o s s .  T h i s  
m e c h a n i s m  i s  t h e  m a i n  l i m i t a t i o n  t o  l a s i n g  i n  h e a v i l y  d o p e d  s i l i c o n .
Figure 2.9. Simplified energy diagram o f Si [2.65]
T o  o v e r c o m e  t h e s e  m a t e r i a l  l i m i t a t i o n s  m a n y  d i f f e r e n t  s t r a t e g i e s  h a v e  b e e n  e m p l o y e d  
i n c l u d i n g  E r b i u m  ( E r )  i m p l a n t a t i o n  [ 2 . 6 6 ,  2 . 6 7 ,  2 . 6 8 ,  2 . 6 9 ,  2 . 7 0 ,  2 . 7 1 ] ,  p o r o u s  s i l i c o n  
[ 2 . 7 2 ,  2 . 7 3 ,  2 . 7 4 ] ,  n a n o - c r y s t a l s  [ 2 . 2 ,  2 . 6 ,  2 . 3 6 ,  2 . 3 7 ] ,  d i s l o c a t i o n  e n g i n e e r i n g  [ 2 . 7 5 ] ,  a n d  
R a m a n  e x c i t a t i o n  [ 2 . 7 6 ] .
O n e  o f  t h e  m o s t  p r o m i s i n g  a p p r o a c h e s  i s  t h e  u s e  o f  s i l i c o n  n a n o - c r y s t a l s  ( S i - n c )  
e m b e d d e d  i n  a  d i e l e c t r i c  m a t r i x ,  m o s t  c o m m o n l y  S i 0 2  ( F i g u r e  2 . 1 0 ) .  I t  m a x i m i s e s  c a r r i e r  
c o n f i n e m e n t ,  i m p r o v e s  t h e  r a d i a t i v e  p r o b a b i l i t y ,  a n d  c o n t r o l s  t h e  e m i s s i o n  w a v e l e n g t h  b y  
t h e  S i - n c  d i m e n s i o n .  A  s t r a i g h t f o r w a r d  f a b r i c a t i o n  i n v o l v e s  t h e  f o r m a t i o n  o f  a  s i l i c o n -  
r i c h ,  s u b - s t o i c h i o m e t r i c  S i O x  ( x < 2 )  f i l m  o n  a  s i l i c o n  s u b s t r a t e ,  f o l l o w e d  b y  a  h i g h -  
t e m p e r a t u r e  a n n e a l  i n  t h e  r e g i o n  o f  1 2 0 0 ° C  f o r  s e v e r a l  m i n u t e s .  T h e  t h e r m a l  e n e r g y  
p r o m o t e s  t h e  p h a s e  s e p a r a t i o n  o f  S i  a n d  S i C >2 a n d  t h e  f i n a l  s t r u c t u r e  c o n s i s t s  o f  s m a l l
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s i l i c o n  n a n o - c r y s t a l s  ( F i g u r e  2 . 1 0 ) .  T h e  s i z e  a n d  d i s t r i b u t i o n  o f  n a n o - c r y s t a l s  d e p e n d  o n  
t h e  o r i g i n a l  f i l m  p r o p e r t i e s  a n d  t h e  s u b s e q u e n t  t h e r m a l  a n n e a l .  B o t h  p h o t o l u m i n e s c e n c e  
( P L )  [ 2 . 7 7 ]  a n d  e l e c t r o l u m i n e s c e n c e  ( E L )  [ 2 . 7 8 ] ,  a n d  a l s o  a m p l i f i c a t i o n  [ 2 . 7 9 ]  h a v e  b e e n  
o b t a i n e d  i n  t h e s e  s t r u c t u r e s .  H o w e v e r ,  t h e  o p e r a t i o n  w a v e l e n g t h  o f  t h e s e  d e v i c e s  i s  i n  a  
w a v e l e n g t h  r a n g e  s p a n n i n g  7 5 0 - 1 0 0 0 n m .
interface region
crystalline 
sicon core
amorphous 
S O x  m a t r i x
Figure 2.10. Silicon nanocrystal structure [2 .36]
Wavelength (nm )
Figure 2.11. Room temperature EL spectrum measured at 100pA on a M OS device  
with E r-doped stoichiom etric oxide [2 .80]
T h e r e f o r e ,  E r +  i o n s  h a v e  b e e n  i m p l a n t e d  i n  S i 0 2  t o  o b t a i n  P L  a n d  E L  [ 2 . 8 0 ]  a t  t h e  
w a v e l e n g t h  o f  1 . 5 4 p m  ( F i g u r e  2 . 1 1 ) .  A l t h o u g h  t h e s e  d e v i c e s  e x h i b i t e d  e f f i c i e n c y  
a p p r o a c h i n g  t h a t  o f  c o m m e r c i a l  I I I - V  L E D ,  t h e y  w e r e  l i m i t e d  b y  t h e i r  r e l i a b i l i t y  a n d
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o p e r a t i n g  l i f e t i m e .  T h i s  r e s u l t e d  f r o m  t h e  u s e  o f  a  t u n n e l l i n g  c u r r e n t  t h r o u g h  t h e  t h e r m a l l y  
g r o w n  S i C >2 t o  e x c i t e  t h e  E r 3 +  i o n s .  B y  r e p l a c i n g  t h e  t h e r m a l  o x i d e  w i t h  a  s i l i c o n - r i c h  
P E C V D  d e p o s i t e d  S i O x  l a y e r  ( x < 2 )  a n d  s u b s e q u e n t  t h e r m a l l y  t r e a t i n g  i t  t o  f o r m  S i - n c  
b e f o r e  E r  i o n  i m p l a n t a t i o n ,  t h e  d e v i c e  r e l i a b i l i t y  w a s  s i g n i f i c a n t l y  i m p r o v e d ,  d u e  t o  S i - n c  
m e d i a t e d  c u r r e n t  p a s s i n g  t h r o u g h  t h e  S i O x  l a y e r .  T h e  E L  e f f i c i e n c y  w a s ,  h o w e v e r ,  
d e c r e a s e d  ( f r o m  1 0 %  t o  1 % ) .
I n  2 0 0 1  a  r e s e a r c h  g r o u p  f r o m  t h e  U n i v e r s i t y  o f  S u r r e y  d e s c r i b e d  t h e  f a b r i c a t i o n ,  u s i n g  
s t a n d a r d  s i l i c o n  p r o c e s s i n g  t e c h n i q u e s ,  o f  a  s i l i c o n  l i g h t - e m i t t i n g  d i o d e  ( L E D )  t h a t  
o p e r a t e d  a t  r o o m  t e m p e r a t u r e  [ 2 . 8 1 ] .  B o r o n  w a s  i m p l a n t e d  i n t o  s i l i c o n  b o t h  a s  a  d o p a n t  t o  
f o r m  a  p -n  j u n c t i o n ,  a s  w e l l  a s  a  m e a n s  o f  i n t r o d u c i n g  d i s l o c a t i o n  l o o p s .  T h e s e  l o o p s  
i n t r o d u c e  a  l o c a l  s t r a i n  f i e l d  t h a t  m o d i f i e s  t h e  b a n d  s t r u c t u r e  a n d  p r o v i d e s  s p a t i a l  
c o n f i n e m e n t  o f  t h e  c h a r g e  c a r r i e r s .  T h e  i d e a  i s  t o  r e d u c e  t h e  n o n - r a d i a t i v e  c h a n n e l s .
F i g u r e  2 . 1 2  s h o w s  E L  s p e c t r a  o f  t h i s  d e v i c e .  A n  i n t e r e s t i n g  f e a t u r e  i s  t h e  i n c r e a s e  o f  t h e  
e f f i c i e n c y  w i t h  t e m p e r a t u r e .  T h i s  c o m p l e t e  l a c k  o f  t e m p e r a t u r e  q u e n c h i n g  w a s  a t t r i b u t e d  
s o l e l y  t o  t h e  c o n f i n e m e n t  o f  t h e  e x c i t e d  c a r r i e r s  a n d  t h e  s u b s e q u e n t  p r e v e n t i o n  o f  
n o n r a d i a t i v e  r e c o m b i n a t i o n  v i a  l a t t i c e  d e f e c t s .
1  1. 1  1 . 2  
Wavelength (^m)
Figure 2.12. EL as a function o f  wavelength fo r  a dislocation-engineered LED [2 .75]
I n  a  l a t e r  p u b l i c a t i o n ,  t h e  s a m e  g r o u p  e x p l o r e d  t h e  c o - d o p i n g  o f  t h e s e  d i s l o c a t i o n -  
e n g i n e e r e d  L E D s  w i t h  E r  a n d  b e t a - p h a s e  i r o n  d i s i l i c i d e  ( p - F e S i 2)  [ 2 . 8 2 ] .  T h e  a i m  w a s  t o
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f a b r i c a t e  L E D s  w i t h  e m i s s i o n  a t  a  w a v e l e n g t h  i n  t h e  r e g i o n  o f  1 . 5 p m .  A l t h o u g h  t h e  c o ­
d o p i n g  p r o c e s s  w a s  f a r  f r o m  o p t i m i s e d ,  t h e  a u t h o r s  d e m o n s t r a t e d  r o o m  t e m p e r a t u r e  E L  a t  
a  w a v e l e n g t h  o f  a p p r o x i m a t e l y  1 . 5 5 p m  f o r  b o t h  E r  a n d  p - F e S i 2  s a m p l e s .
A s  t h e r e  e x i s t s  a  r e q u i r e m e n t  f o r  s i l i c o n  w a v e g u i d e  o p t i c a l  a m p l i f i e r s ,  t h e  R a m a n  e f f e c t  
c a n  b e  u s e d  f o r  s u c h  d e v i c e s .  T h e s e  d e v i c e s  c o u l d  b e  u s e d  a s  s t a n d - a l o n e  o p t i c a l  
a m p l i f i e r s  o r ,  i f  i n t e g r a t e d  w i t h  s i l i c o n  p h o t o n i c  c o m p o n e n t s  o n  t h e  s a m e  c h i p ,  c o u l d  
r e s u l t  i n  l o s s l e s s  d e v i c e  o p e r a t i o n  b a l a n c i n g  f i b r e  t o  c h i p  c o u p l i n g  a n d  w a v e g u i d e  
p r o p a g a t i o n  l o s s e s .  S t i m u l a t e d  R a m a n  s c a t t e r i n g  i s  a  n o n l i n e a r  o p t i c a l  e f f e c t  i n  w h i c h  a  
s o l i d  i s  i r r a d i a t e d  w i t h  t w o  b e a m s  s i m u l t a n e o u s l y .  O n e  b e a m  p u m p s  t h e  c o n s t i t u e n t  
m o l e c u l e s  o r  a t o m s  a n d  t h e  s e c o n d  h a s  a  w a v e l e n g t h  r e s o n a n t  w i t h  t h e  l o w e r  e n e r g y  
t r a n s i t i o n .
S t i m u l a t e d  R a m a n  s c a t t e r i n g  h a s  b e e n  u s e d  t o  d e m o n s t r a t e  l i g h t  a m p l i f i c a t i o n  a n d  l a s i n g  
i n  s i l i c o n  [ e . g .  2 . 8 3 ,  2 . 8 4 ] .  H o w e v e r ,  b e c a u s e  o f  t h e  n o n l i n e a r  o p t i c a l  l o s s  a s s o c i a t e d  w i t h  
t w o - p h o t o n  a b s o r p t i o n ,  l a s i n g  w a s  l i m i t e d  t o  p u l s e d  o p e r a t i o n .  R e c e n t l y ,  r e s e a r c h e r s  f r o m  
I n t e l  C o r p o r a t i o n  h a v e  d e m o n s t r a t e d  c o n t i n u o u s - w a v e  R a m a n  s i l i c o n  l a s e r  [ 2 . 8 5 ] .  T h e  
l a s e r  w a s  c o n s t r u c t e d  f r o m  a  l o w  l o s s  S O I  r i b  w a v e g u i d e  w h o s e  f a c e t s  w e r e  c o a t e d  w i t h  
m u l t i l a y e r  d i e l e c t r i c  f i l m s .  T h e  c r o s s  s e c t i o n  o f  t h e  r i b  w a v e g u i d e  w a s  s m a l l  ( 1 . 6 p m 2 )  i n  
o r d e r  t o  m i n i m i s e  o p t i c a l  p o w e r  f o r  a c h i e v i n g  t h e  l a s i n g  t h r e s h o l d .  T h e  w a v e g u i d e  w a s  
f o r m e d  i n  a n  S - s h a p e d  c u r v e  w i t h  a  t o t a l  l e n g t h  o f  4 . 8 c m  a n d  a  b e n d  r a d i u s  o f  4 0 0 p m .
Power source
0 - * 0 " 3 r
j Electric ft<
Silicon substrate
Figure 2.13. Cross-section o f  the silicon laser designed by Rong a t a l ,  [2 .85]. 
The laser output is enhanced by extracting unwanted electrons and holes 
that are created  by the two-photon absorption [2 .86 ]
26
2 Silicon Photonics
T h e  t w o  p h o t o n  a b s o r p t i o n  w a s  r e d u c e d  b y  e m b e d d i n g  t h e  s i l i c o n  w a v e g u i d e  w i t h i n  a  pin  
j u n c t i o n  s t r u c t u r e  f o r m e d  b y  i m p l a n t a t i o n  o f  b o r o n  a n d  p h o s p h o r u s  i n  t h e  s l a b s  o n  e i t h e r  
s i d e  o f  t h e  r i b  w a v e g u i d e  ( F i g u r e  2 . 1 3 ) .  W h e n  a  r e v e r s e  b i a s  v o l t a g e  i s  a p p l i e d  t o  t h e  pin  
d i o d e ,  t h e  t w o  p h o t o n  g e n e r a t e d  e l e c t r o n - h o l e  p a i r s  c a n  b e  s w e p t  o u t  o f  t h e  s i l i c o n  
w a v e g u i d e  b y  t h e  e l e c t r i c  f i e l d  b e t w e e n  t h e  p  a n d  n d o p e d  r e g i o n s .
F i g u r e  2 . 1 4  s h o w s  t h e  l a s e r  o u t p u t  s p e c t r a  t h a t  w e r e  o b t a i n e d  b y  c h a n g i n g  t h e  w a v e l e n g t h  
o f  t h e  p u m p  l a s e r  f r o m  1 5 4 8 n m  t o  1 5 5 8 n m  i n  2 n m  s t e p s .  T h e  i n p u t  p u m p  p o w e r  w a s  
~ 4 0 0 m W  a n d  a  r e v e r s e  b i a s  o f  2 5 V  w a s  a p p l i e d  t o  t h e  pin  d i o d e .  I t  c a n  b e  s e e n  t h a t  t h e  
R a m a n  l a s e r  o u t p u t  f o l l o w e d  t h e  i n p u t  s h o w i n g  a  s i d e  m o d e  s u p p r e s s i o n  o f  5 5 d B .  T h i s  
d e m o n s t r a t i o n  o f  t h e  c o n t i n u o u s  w a v e  s i l i c o n  l a s e r ,  t o g e t h e r  w i t h  t h e  d e m o n s t r a t i o n  o f  
G i g a h e r t z  s i l i c o n  m o d u l a t o r ,  r e p r e s e n t s  a  s i g n i f i c a n t  m i l e s t o n e  t o w a r d s  p r o d u c i n g  f u l l y  
i n t e g r a t e d  m o n o l i t h i c  s i l i c o n  p h o t o n i c  c h i p s .
- 8 0
P u m p  
w a v o l o n g t h
1 . 5 4 8  n m  
1 , 5 5 0  n m
  1 . 5 5 2  n m
  1 . 5 5 4  n m
  1 , 5 5 6  n m
1 . 5 5 8  n m
1 . 6 8 0  1 . 6 8 5  1 . 6 9 0  1 . 6 9 5
L a s e r  w a v e l e n g t h  ( n m )
1 . 7 0 0
Figure 2.14. Silicon Raman laser spectra [2 .85]
2.5 Fabrication of SOI
A t  t h e  p r e s e n t  t i m e ,  m o s t  S O I  w a f e r s  a r e  f a b r i c a t e d  b y  u s e  o f  o n e  o f  t w o  b a s i c  
a p p r o a c h e s .  S O I  w a f e r s  m a y  b e  f a b r i c a t e d  w i t h  t h e  S I M O X  ( S e p a r a t i o n  b y  I M p l a n t a t i o n  
o f  O X y g e n )  p r o c e s s ,  w h i c h  e m p l o y s  h i g h  d o s e  i o n  i m p l a n t a t i o n  o f  o x y g e n  a n d  h i g h  
t e m p e r a t u r e  a n n e a l i n g  t o  f o r m  t h e  B O X  ( b u r i e d  o x i d e )  l a y e r  i n  a  b u l k  w a f e r .  A l t e r n a t e l y ,
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S O I  w a f e r s  c a n  b e  f a b r i c a t e d  b y  b o n d i n g  a  d e v i c e  q u a l i t y  s i l i c o n  w a f e r  t o  a n o t h e r  s i l i c o n  
w a f e r  ( t h e  “ h a n d l e ”  w a f e r )  t h a t  h a s  a n  o x i d e  l a y e r  o n  i t s  s u r f a c e .  T h e  p a i r  i s  t h e n  s p l i t  
a p a r t ,  u s i n g  a  p r o c e s s  t h a t  l e a v e s  a  t h i n  ( r e l a t i v e  t o  t h e  t h i c k n e s s  o f  t h e  s t a r t i n g  w a f e r ) ,  
d e v i c e - q u a l i t y  l a y e r  o f  s i n g l e - c r y s t a l  s i l i c o n  o n  t o p  o f  t h e  o x i d e  l a y e r  ( w h i c h  n o w  
b e c o m e s  B O X )  o n  t h e  h a n d l e  w a f e r .  T h i s  i s  c a l l e d  t h e  “ l a y e r  t r a n s f e r ”  t e c h n i q u e ,  b e c a u s e  
i t  t r a n s f e r s  a  t h i n  l a y e r  o f  d e v i c e - q u a l i t y  s i l i c o n  o n t o  a n  o x i d e  l a y e r  t h a t  w a s  t h e r m a l l y  
g r o w n  o n  a  h a n d l e  w a f e r .  T h e  “ l a y e r  t r a n s f e r ”  a p p r o a c h  h a s  l e a d  t o  t h e  d e v e l o p m e n t  o f  a t  
l e a s t  t h r e e  p r o d u c t i o n  m e t h o d s  f o r  f a b r i c a t i o n  o f  S O I  w a f e r s :  S m a r t - C u t  ( U n i b o n d )  S O I  
w a f e r s ,  N a n o C l e a v e  S O I  w a f e r s ,  a n d  E L T R A N  S O I  w a f e r s .  T h e  S m a r t - C u t  a n d  
N a n o C l e a v e  p r o c e s s e s  b o t h  e m p l o y  h i g h  d o s e  i o n  i m p l a n t a t i o n  ( u s i n g  h y d r o g e n  o r  o t h e r  
l i g h t  s p e c i e s ) ,  e i t h e r  a l o n e  o r  i n  c o m b i n a t i o n  w i t h  o t h e r  s t e p s ,  t o  f o r m  a  w e a k e n e d  s i l i c o n  
l a y e r  t h a t  s p l i t s  t h e  d o n o r  w a f e r ,  a l l o w i n g  t h e  “ l a y e r  t r a n s f e r ”  t o  o c c u r .  T h e  E L T R A N  
( E p i t a x i a l  L a y e r  T R A N s f e r )  d o e s  n o t  u s e  i o n  i m p l a n t a t i o n .  I t  e m p l o y s  a  l a y e r  o f  p o r o u s  
s i l i c o n ,  w h i c h  i s  f o r m e d  b y  a n o d i c  e t c h i n g  a n d  a n n e a l i n g ,  t o  f o r m  t h e  s p l i t t i n g  l a y e r .  T h e  
f o l l o w i n g  p a r a g r a p h s  d e s c r i b e  t h e s e  m e t h o d s .
B E S O I  ( B o n d  a n d  E t c h - b a c k  S O I )  t e c h n i q u e  c o n s i s t s  o f  t h e  b o n d i n g  o f  t w o  t h e r m a l l y  
o x i d i z e d  s t a n d a r d  S i  w a f e r s ,  f o l l o w e d  b y  t h i n n i n g  o f  o n e  s i d e  b y  m e c h a n i c a l ,  c h e m i c a l  o r  
p l a s m a  e t c h i n g .  I n  p r i n c i p l e  B E S O I  c a n  p r o v i d e  d e f e c t - f r e e  S i  o v e r l a y e r s  a n d  t h e n  
c o m p e t e  w i t h  S I M O X  f o r  t h i c k - f i l m  S O I  a p p l i c a t i o n s .  T h e  m a j o r  d r a w b a c k  o f  t h i s  
t e c h n i q u e  i s  u s e  o f  t w o  S i  w a f e r s  t o  g e t  o n e  S O I  w a f e r  s o  i t  i s  n o t  a s  c o s t  e f f e c t i v e .  I n  
a d d i t i o n ,  s o m e  c o n t a m i n a t i o n  o f  t h e  f i n a l  f i l m  w i t h  t h e  e t c h - s t o p  d o p a n t  c a n  o c c u r .  
B E S O I  t e c h n i q u e s  a r e  t y p i c a l l y  l i m i t e d  t o  f i l m s  t h i c k e r  t h a n  5 p m  d u e  t o  l i m i t a t i o n s  i n  
s u r f a c e  r o u g h n e s s .
S I M O X  i s  a  h i g h l y  r e p r o d u c i b l e  f a b r i c a t i o n  t e c h n o l o g y  i n  t e r m s  o f  b o t h  t h e  o p t i c a l  a n d  
e l e c t r o n i c  p r o p e r t i e s  o f  t h e  s t r u c t u r e .  F u r t h e r m o r e ,  i t  p r o d u c e s  u n i f o r m  s i l i c o n  a n d  S i 0 2  
l a y e r s  w i t h  g o o d  i n t e r f a c e  q u a l i t y  [ 2 . 8 7 ] ,  w h i c h  i s  i m p o r t a n t  f o r  r e d u c i n g  s c a t t e r i n g  l o s s .  
T h e  S i 0 2  l a y e r  i n  a  S I M O X  s t r u c t u r e  i s  f o r m e d  b y  t h e  h i g h  d o s e  i m p l a n t a t i o n  o f  o x y g e n  
( t y p i c a l l y  1 . 8 x l 0 1 8 c m ~ 2 )  [ 2 . 8 8 ] ,  T h e  d a m a g e  c r e a t e d  b y  t h e  i m p l a n t  m u s t  b e  m i n i m i s e d  
d u r i n g  t h e  i m p l a n t a t i o n  s o  i t  d o e s  n o t  a c c u m u l a t e  t o  t h e  p o i n t  o f  a m o r p h i s a t i o n .  T h i s  c a n  
b e  a c c o m p l i s h e d  b y  p e r f o r m i n g  t h e  i m p l a n t a t i o n  a t  t e m p e r a t u r e s  o f  4 0 0 - 6 0 0 ° C .  P o s t  
i m p l a n t a t i o n  a n n e a l i n g  i s  a l s o  r e q u i r e d  t o  r e m o v e  t h e  r e s i d u a l  i m p l a n t a t i o n  i n d u c e d
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d a m a g e  b y  r e g r o w t h  f r o m  t h e  t o p  S i  l a y e r ,  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  a  h i g h  q u a l i t y  
e p i t a x i a l  S i  l a y e r .
T h e  f i r s t  S I M O X  w a f e r s  w e r e  p r o d u c e d  w i t h  a n  o x y g e n  d o s e  o f  2 x l 0 1 8 c m 2  a t  a n  e n e r g y  
o f  1 8 0 k e V ,  y i e l d i n g  a  B O X  o f  4 0 0 n m  a n d  a  s i l i c o n  o v e r l a y e r  o f  2 0 0 n m .  T h e  m a t e r i a l  w a s  
u s e f u l  b u t  f a r  f r o m  o p t i m a l  d u e  t o  s e v e r a l  p r o b l e m s :  s i g n i f i c a n t  l e v e l s  o f  m e t a l  a n d  c a r b o n  
c o n t a m i n a t i o n ,  a  h i g h  d e n s i t y  o f  t h r e a d i n g  d i s l o c a t i o n s  e x t e n d i n g  t h r o u g h  t h e  s i l i c o n  
o v e r l a y e r  t o  t h e  s u r f a c e ,  a n d  v a r i a t i o n s  i n  s i l i c o n  t h i c k n e s s .  T h e s e  p r o b l e m s  w e r e  
a d d r e s s e d  i n  t h e  f o l l o w i n g  y e a r s ,  m a i n l y  b y  i m p r o v i n g  i o n  i m p l a n t e r s .  B y  t h e  1 9 9 0 s  g a t e  
o x i d e s  w e r e  t h i n n e r  a n d  t h i s  a l l o w e d  S I M O X  d o s e s  t o  b e  s i g n i f i c a n t l y  r e d u c e d ,  f o r  
e l e c t r o n i c  a p p l i c a t i o n s ,  f r o m  t h e  “ o l d ”  m a t e r i a l  r e q u i r i n g  1 . 8 x l 0 1 8 c m ' 2  t o  “ m i d - d o s e ”  
p r o c e s s e s  r e q u i r i n g  a b o u t  4 x l 0 1 7 c m " 2 . T h i s  d o s e  r e d u c t i o n  i s  v e r y  s i g n i f i c a n t  b e c a u s e  t h e  
l a r g e s t  c o s t  o f  S I M O X  w a f e r s  i s  t h e  c o s t  o f  t h e  i m p l a n t a t i o n .  T h e  c o s t  o f  t h e  i m p l a n t a t i o n  
i s  a l m o s t  p r o p o r t i o n a l  t o  t h e  i m p l a n t  d o s e .
A  s e c o n d  i m p o r t a n t  i n n o v a t i v e  p r o c e s s  i s  I n t e r n a l  T h e r m a l  O x i d a t i o n  ( I T O X ) ,  w h i c h  i s  
a c t u a l l y  p l a c i n g  t h e  c o m p l e t e d  S I M O X  w a f e r  i n t o  a n  o x i d i z i n g  f u r n a c e .  O x y g e n  d i f f u s e s  
t h r o u g h  t h e  s i l i c o n  o v e r l a y e r  i n c r e a s i n g  t h e  t h i c k n e s s  o f  t h e  B O X ,  a n d  a l s o  m a k i n g  
s u r f a c e s  s m o o t h e r .  F o r  i n t e g r a t e d  o p t i c s  a p p l i c a t i o n s ,  h o w e v e r ,  t h i c k e r  b u r i e d  o x i d e  l a y e r  
a r e  u s u a l l y  n e e d e d ,  t o  c o n f i n e  t h e  l i g h t ,  w h i c h  a r e  d i f f i c u l t  t o  o b t a i n  b y  t h i s  p r o c e s s .
T h e  E L T R A N  f a b r i c a t i o n  m e t h o d ,  p r o p r i e t a r y  o f  C a n o n  I n c . ,  a n d  d e v e l o p e d  b y  N a k a y a m a  
a t  a l . ,  [ 2 . 8 9 ] ,  i n v o l v e s  c o m b i n i n g  t h e  B E S O I  p r o c e s s  w i t h  e p i t a x i a l  g r o w t h  o n  p o r o u s  
s i l i c o n  [ 2 . 9 0 ]  t h a t  i s  c a p a b l e  o f  b e i n g  e t c h e d  w i t h  u l t r a - h i g h  s e l e c t i v i t y ,  a n d  s u r f a c e -  
s m o o t h i n g  a c h i e v e d  b y  h y d r o g e n  a n n e a l i n g  g i v i n g  a  r o o t  m e a n  s q u a r e  s u r f a c e  r o u g h n e s s  
o f  a b o u t  O . l n m  [ 2 . 9 1 ] .  P o r o u s  s i l i c o n  i s  f o r m e d  b y  a n  e l e c t r o c h e m i c a l  r e a c t i o n  w h e n  S i  
c o n s t i t u t e s  t h e  a n o d e  o f  a n  e l e c t r o l y t i c  c e l l  w i t h  a n  H F  s o l u t i o n  a s  t h e  e l e c t r o l y t e .  T h e  
e t c h i n g  p r o c e s s  c u t s  a  r a n d o m  n e t w o r k  o f  n a n o m e t r e  s c a l e  p o r e s  i n  S i ,  p r o d u c i n g  a  p o r o u s  
l a y e r .  T h e  E L T R A N  t e c h n i q u e  t a k e s  a d v a n t a g e  o f  t h e  f a c t  t h a t  p o r o u s  S i  i s  m e c h a n i c a l l y  
w e a k ,  b u t  s t i l l  p r e s e r v e s  t h e  s i n g l e  c r y s t a l l i n e  q u a l i t y  o f  t h e  w a f e r  o n  w h i c h  i t  w a s  f o r m e d .  
T o  g e t  g o o d  e p i t a x i a l  g r o w t h  o f  S i  o n  t o p  o f  t h e  p o r o u s  l a y e r ,  t h e  p o r e s  a t  t h e  t o p  m u s t  b e  
s e a l e d  u s i n g  h i g h  t e m p e r a t u r e  a n n e a l i n g  i n  h y d r o g e n  a m b i e n t .  A f t e r  t h a t  a  t h e r m a l  o x i d e  
i s  g r o w n  o n  t h e  t o p  o f  t h e  e p i t a x i a l  l a y e r ,  a n d  t h e  w a f e r  b o n d e d  t o  a  h a n d l e  w a f e r .
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T h e  b o n d e d  w a f e r  i s  s p l i t  i n t o  t w o  a t  t h e  p o r o u s  S i  l a y e r ,  w i t h  o n e  p a r t  b e c o m i n g  t h e  
E L T R A N  w a f e r  a n d  t h e  o t h e r  p a r t  b e i n g  r e u s e d .  T h i s  i s  i m p o r t a n t  b e c a u s e ,  a l o n g  w i t h  
p r o d u c t  q u a l i t y ,  r e d u c i n g  w a f e r  m a n u f a c t u r i n g  c o s t s  i s  o n e  o f  t h e  m o s t  i m p o r t a n t  
r e q u i r e m e n t s  f o r  e x p a n d i n g  t h e  S O I  m a r k e t  f u r t h e r .  A  w a t e r  j e t  i s  u s e d  f o r  h i g h l y  
r e p r o d u c i b l e  s p l i t t i n g  w i t h i n  t h e  p o r o u s  S i  l a y e r .  W a f e r s  o b t a i n e d  b y  t h e  E L T R A N  
p r o c e s s  h a v e  l o w  d e f e c t  d e n s i t y  a n d  h i g h  u n i f o r m i t y  o f  t h e  S O I  l a y e r  t h i c k n e s s .  T h e  
t h i c k n e s s e s  o f  b o t h  t h e  S O I  a n d  t h e  b u r i e d  o x i d e  l a y e r s  a r e  p r e c i s e l y  c o n t r o l l e d  o v e r  a  
v e i y  w i d e  r a n g e ,  f r o m  t h e  e x t r e m e l y  t h i n  l O n m  t o  a s  t h i c k  a s  2 - 3  j a m ,  w i t h  t h i c k n e s s  
u n i f o r m i t y  o f  l e s s  t h a n  ± 5 %  ( f o r  1 2  i n c h  w a f e r s  ± 1 % ) .  C a n o n  I n c .  h o w e v e r  c a n n o t  
p r o v i d e  f o u r  i n c h  w a f e r s  w h i c h  w e  n e e d  f o r  o u r  f a b r i c a t i o n  f a c i l i t y .
R e c e n t l y  t h e  F r e n c h  c o m p a n y  S O I T E C  h a v e  d e v e l o p e d  a  t e c h n i q u e  k n o w n  a s  “ S m a r t -  
C u t ”  w h i c h  i s  c a p a b l e  o f  p r o d u c i n g  S O I  w i t h  f l e x i b i l i t y  a n d  c o n t r o l  o f  b o t h  t h e  s u r f a c e  
l a y e r  t h i c k n e s s  a n d  t h e  b u r i e d  o x i d e  l a y e r  t h i c k n e s s .  A s  i t  h a s  b e e n  p r o v e d  t h a t  S m a r t - C u t  
m a t e r i a l  c a n  b e  u s e d  f o r  p r o d u c t i o n  o f  g r a t i n g  c o u p l e r s  w i t h  t h e  h i g h e s t  e f f i c i e n c y  y e t  
r e a l i s e d  i n  S O I  [ 2 . 9 2 ] ,  S m a r t - C u t  w a f e r s  h a v e  a l s o  b e e n  u s e d  i n  t h i s  w o r k .
S m a r t - C u t  i n v o l v e s  t w o  t e c h n o l o g i e s  w a f e r  b o n d i n g  a n d  i o n  i m p l a n t a t i o n ,  a n d  t a k e s  
a d v a n t a g e  o f  b o t h .  I m p l a n t a t i o n  e n a b l e s  a  v e r y  p r e c i s e  d e f i n i t i o n  o f  t h e  t o p  s i l i c o n  l a y e r  
t h i c k n e s s .  W a f e r  b o n d i n g  i s  d e s i g n e d  t o  k e e p  t h e  o r i g i n a l  s i l i c o n  c i y s t a l  q u a l i t y  
u n c h a n g e d .  S O I  w a f e r s  p r o d u c e d  b y  u s i n g  t h i s  p r o c e s s  a r e  c o m m e r c i a l l y  r e f e r r e d  t o  a s  
U n i b o n d  w a f e r s .
S m a r t - C u t  p r o v i d e s  t h e  m a t e r i a l  q u a l i t y  t h a t  i s  c o m p a r a b l e  w i t h  b u l k  s i l i c o n ,  a n d  h i g h  
v o l u m e  p r o d u c t i o n .  I t  e n a b l e s  p r a c t i c a l l y  a n y  t y p e  o f  m o n o c r y s t a l l i n e  l a y e r  t o  b e  a c h i e v e d  
o n  a n y  t y p e  o f  s u p p o r t .  T h e  o r i g i n a l i t y  o f  t h e  S m a r t - C u t  p r o c e s s  i s  u s i n g  a  p h e n o m e n o n  o f  
b l i s t e r i n g  a n d  m i c r o c a v i t i e s  g r o w i n g  d u r i n g  a  l o w  t e m p e r a t u r e  t h e r m a l  t r e a t m e n t  a s  a  w a y  
t o  i n d u c e  a n  i n - d e p t h  s p l i t t i n g  o v e r  t h e  w h o l e  w a f e r ,  a t  t h e  i m p l a n t e d  p r o j e c t e d  r a n g e ,  
w h e n  a  s e c o n d  s i l i c o n  w a f e r  i s  b o n d e d  t o  t h e  f i r s t  o n e  a s  a  s t i f f e n e r .  B l i s t e r i n g  i s  a  v i s i b l e  
m a c r o s c o p i c  e f f e c t  w h i c h  h a s  b e e n  k n o w n  f o r  a  l o n g  t i m e  [ 2 . 9 3 ]  a n d  i s  i n d u c e d  b y  h i g h -  
d o s e  i m p l a n t a t i o n  o f  i n e r t  g a s  o r  h y d r o g e n  i o n s  i n  m a t e r i a l s .
T h e  S m a r t - C u t  p r o c e s s  c o m p r i s e s  s i x  s t e p s  ( F i g u r e  2 . 1 5 ) :
1 .  T h e r m a l  o x i d a t i o n  o f  t h e  s e e d  w a f e r  A  t o  g r o w  t h e  f u t u r e  b u r i e d  o x i d e  l a y e r  o f  t h e  
S O I  s t r u c t u r e .
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2 .  H y d r o g e n  i m p l a n t a t i o n  i n t o  t h e  w a f e r  A  ( d o s e  i n  t h e  3 . 5 x 1 0 1 6  t o  l x l O 1 7  H + c m ' 2  r a n g e
[ 2 . 9 4 ]  w h i c h  i s  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  l o w e r  t h a n  i n  S I M O X  i m p l a n t a t i o n ) .
3 .  C l e a n i n g  a n d  h y d r o p h i l i c  b o n d i n g  a t  r o o m  t e m p e r a t u r e  o f  w a f e r  A  t o  a  w a f e r  B  ( w a f e r  
B  i s  e i t h e r  b a r e  o r  c a p p e d ) .  W a f e r  B  p l a y s  a n  e s s e n t i a l  r o l e  a s  a  s t i f f e n e r  a n d  a s  a  
h a n d l e  w a f e r  u n d e r  t h e  b u r i e d  o x i d e  i n  t h e  S O I  s t r u c t u r e .
4 .  F i r s t  t h e r m a l  t r e a t m e n t  ( 4 0 0 - 6 0 0 ° C )  d u r i n g  w h i c h  t h e  i m p l a n t e d  w a f e r  A  s p l i t s  i n t o  
t w o  p a r t s  g i v i n g  r i s e  t o  a  S O I  s t r u c t u r e  a n d  t h e  r e m i n d e r  o f  w a f e r  A .
5 .  H i g h  t e m p e r a t u r e  a n n e a l i n g  p e r f o r m e d  a t  1 1 0 0 ° C  f o r  2  h o u r s  [ 2 . 9 4 ]  t o  r e m o v e  a n y  
s i l a n o l  g r o u p s  f r o m  t h e  b o n d i n g  i n t e r f a c e .
6 .  P o l i s h i n g  i s  n e e d e d  a t  t h e  e n d  t o  s m o o t h  t h e  s t r u c t u r e  s u r f a c e .
A f t e r  s p l i t t i n g ,  w a f e r  A  c a n  b e  r e c y c l e d  a n d  b e c o m e  w a f e r  B  o f  t h e  n e x t  p a i r  o f  w a f e r s
b e i n g  p r o c e s s e d ,  t h u s  r e d u c i n g  t h e  t o t a l  c o s t  o f  t h e  p r o c e s s .
1 )
Si wafer - A Si wafer - B
2 )
Bonding
surface
3)
. H* H+ H* H+
Si w afer - A
Si w afer - A
Si w a fer - B
Hydrogen
atoms
4)
Si wafer - A
SOI wafer
_ Surface 
roughness
5)
SOI wafer Si wafer - A
6 )
SOI w afer Si wafer - A
Figure 2.15. Schema o f the Smart-Cut process
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O n e  o f  t h e  b e n e f i t s  o f  t h e  S m a r t - C u t  p r o c e s s  i s  t h e  f l e x i b i l i t y  t o  a d a p t  t h e  b u r i e d  o x i d e  
l a y e r  t h i c k n e s s  ( 1 0 0 n m - 3 p m  w i t h  u n i f o r m i t y  o f  ± 1 0 n m ;  v e r y  t h i n  o x i d e  l a y e r s  o f  5 n m  i n  
t h i c k n e s s  a r e  a l s o  p o s s i b l e  w i t h  s p e c i a l  p r o c e s s i n g  [ 2 . 9 5 ] ) .  T h e  s i l i c o n  l a y e r  t h i c k n e s s  c a n  
b e  t u n e d  b y  m o d u l a t i o n  o f  t h e  h y d r o g e n  i o n  e n e r g y .  T y p i c a l  t h i c k n e s s  v a l u e s  a r e  i n  t h e  
r a n g e  f r o m  5 0 n m  t o  a b o u t  1 . 5 p m  [ 2 . 9 6 ]  w i t h  u n i f o r m i t y  o f  a  f e w  n a n o m e t r e s .  S O I  l a y e r s  
t h i c k e r  t h a n  1 . 5 p m  r e q u i r e  t h e  e p i t a x i a l  d e p o s i t i o n  a f t e r  t h e  S m a r t - C u t  p r o c e s s .
F o u r  i n c h  U n i b o n d  w a f e r s  e x h i b i t  g o o d  t h i c k n e s s  u n i f o r m i t y  w h e r e  t y p i c a l  m a x i m u m  t o  
m i n i m u m  t h i c k n e s s  v a r i a t i o n s  a r e  i n  t h e  6 0 A  t o  1 0 0 A  r a n g e  f o r  t h e  b u r i e d  o x i d e  l a y e r  a n d  
t h e  t o p  s i l i c o n  l a y e r .  H o w e v e r ,  t h e  u n i f o r m i t y  i s  n o t  a s  h i g h  a s  f o r  8  i n c h  w a f e r s .  T E M  
c r o s s  s e c t i o n  o b s e r v a t i o n  s h o w s  t h a t  d e f e c t  d e n s i t i e s  a r e  l o w  ( < 1 0 5 c m " 2 )  a n d  t h e  t o p  
S i / b u r i e d  S i 0 2  l a y e r  i n t e r f a c e  a p p e a r s  t o  b e  v e r y  s h a r p .  A  S e c c o  e t c h  s h o w s  a  v e i y  l o w  
d e f e c t  d e n s i t y  o f  a b o u t  2 0 c m " 2  f o r  c r y s t a l l i n e  d e f e c t s  e m e r g i n g  a t  t h e  S O I  s u r f a c e  [ 2 . 9 7 ] .
T h e  a d v a n t a g e s  o f  t h e  S m a r t - C u t  p r o c e s s  d e r i v e  f r o m  t h e  p h y s i c s  o f  l i g h t  p a r t i c l e  
i m p l a n t a t i o n  i n t o  m a t e r i a l s :  t h e r e  a r e  f e w  d e f e c t s  c r e a t e d ,  v e r y  p r e c i s e  c u t t i n g  i s  p o s s i b l e ,  
a n d  i t  i s  e a s y  t o  g e t  d e e p  p e n e t r a t i o n .  I n  a d d i t i o n ,  t h e  d e l a m i n a t e d  l a y e r  t h i c k n e s s  d e p e n d s  
o n l y  o n  t h e  i o n  e n e r g y ,  l a y e r  t h i c k n e s s  h o m o g e n e i t y  i s  v e r y  g o o d ,  a n d  t h e  i m p l a n t a t i o n  
d o s e s  a r e  c o m p a r a b l e  t o  t h o s e  o f  s t a n d a r d  m i c r o  e l e c t r o n i c  t e c h n o l o g i e s .
T h e  S m a r t - C u t  p r o c e s s  p r e s e n t s  a t t r a c t i v e  b e n e f i t s  c o m p a r e d  t o  t h e  o t h e r  p r o c e s s e s  u s e d  
t o  p r o d u c e  S O I :  a l l  t h e  t e c h n o l o g i c a l  s t e p s  c a n  b e  p e r f o r m e d  o n  s t a n d a r d  m i c r o e l e c t r o n i c s  
e q u i p m e n t .  U n l i k e  B E S O I  t e c h n o l o g y ,  o n l y  o n e  b u l k  w a f e r  i s  r e q u i r e d  t o  a c h i e v e  o n e  S O I  
w a f e r  b y  m e a n s  o f  t h e  S m a r t - C u t  p r o c e s s .  A s  f o r  t h e  w a f e r  s i z e ,  i t  i s  p o s s i b l e  t o  o b t a i n  
1 0 0 - 1 5 0 m m ,  2 0 0 m m  a n d  3 0 0 m m  S O I  w a f e r s  [ 2 . 9 6 ] .
2.6 Summary
I n  i n t e g r a t e d  o p t i c s  t h e r e  i s  n o  s i n g l e  d o m i n a n t  m a t e r i a l  o r  a  b u i l d i n g  b l o c k  a s  i n  
m i c r o e l e c t r o n i c s .  T h e r e f o r e ,  t h e r e  a r e  s e v e r a l  c o m p e t i n g  m a t e r i a l s :  I I I - V s ,  S i 0 2 , S i ,  
p o l y m e r s  a n d  L i N b O s .  W i t h  c o p p e r  i n t e r c o n n e c t s  r e a c h i n g  s p e e d  l i m i t s ,  a n  o p t i c a l  
s o l u t i o n  f o r  r a c k - t o - r a c k  a n d  c h i p - t o - c h i p  i n t e r c o n n e c t s  i s  n e e d e d .  S i l i c o n  c a n  o f f e r  s u c h  a  
s o l u t i o n .  S i l i c o n  p h o t o n i c s  i s  l o w  c o s t  t e c h n o l o g y .  A  n u m b e r  o f  s i l i c o n  p h o t o n i c  d e v i c e s  
h a v e  b e e n  d e m o n s t r a t e d .  O l d e r  m i c r o e l e c t r o n i c  f a b r i c a t i o n  f a c i l i t i e s  c a n  b e  u s e d  f o r
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f a b r i c a t i o n  o f  s i l i c o n  p h o t o n i c  d e v i c e s  h e n c e  r e d u c i n g  t h e  c o s t .  S i l i c o n  a l s o  o f f e r s  a  
p o s s i b i l i t y  o f  m o n o l i t h i c  i n t e g r a t i o n ,  a n d  p a s s i v e  f i b r e  a l i g n m e n t .  T h e r e f o r e ,  i t  i s  n o t  
s u r p r i s i n g  t h a t  s i l i c o n  p h o t o n i c s  h a s  r e c e n t l y  s e e n  m u c h  i n t e r e s t  n o t  o n l y  w i t h i n  t h e  
s c i e n t i f i c  c o m m u n i t y ,  b u t  a l s o  a m o n g  w o r l d  l e a d i n g  c o m p a n i e s .
A l t h o u g h  m u c h  p r o g r e s s  h a s  b e e n  m a d e  i n  s i l i c o n  p h o t o n i c s  a n d  s e v e r a l  v e r y  e n c o u r a g i n g  
r e s u l t s  p u b l i s h e d ,  m a n y  c h a l l e n g e s  r e m a i n .  T h r e e  k e y  p r o p e r t i e s  t h a t  s i l i c o n  n e e d s  a r e  
l i g h t  e m i s s i o n ,  f a s t  m o d u l a t i o n  a n d  l o w  c o u p l i n g  l o s s  b e t w e e n  o p t i c a l  f i b r e s  a n d  s i l i c o n  
w a v e g u i d e s .  T h e  l a s t  i s  a d d r e s s e d  i n  t h i s  p r o j e c t .
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3  I n p u t  a n d  O u t p u t  C o u p l e r s
3.1 Introduction
T h e  o p t i c a l  c o u p l e r  b e t w e e n  t w o  d i f f e r e n t  w a v e g u i d e s  i s  a n  e s s e n t i a l  p a r t  o f  a n  o p t i c a l  
s y s t e m  w h e r e  t h e  l i g h t w a v e  f r o m  o n e  o p t i c a l  c o m p o n e n t  i s  c o u p l e d  i n t o  a n o t h e r  
c o m p o n e n t .  F o r  e x a m p l e ,  a  l o w - l o s s  c o u p l e r  b e t w e e n  a n  o p t i c a l  f i b r e  a n d  a  w a v e g u i d e  i s  
c r u c i a l  f o r  s u c c e s s f u l  i m p l e m e n t a t i o n  o f  i n t e g r a t e d  o p t i c s  i n  o p t i c a l  f i b r e  c o m m u n i c a t i o n  
s y s t e m s .  C o u p l i n g  o f  l i g h t  t o  a n  i n t e g r a t e d  o p t i c a l  c i r c u i t  i s  c o n c e p t u a l l y  t r i v i a l ,  b u t  i n  
p r a c t i c e  i s  a  n o n  t r i v i a l  p r o b l e m  b e c a u s e  o f  t h e  s m a l l  s i z e  o f  o p t i c a l  w a v e g u i d e s .
A  b e a m  c o u p l e r  i s  a  d e v i c e  t h a t  c o n v e r t s  t h e  e n e r g y  o f  a  l i g h t  b e a m  i n t o  a  m o d e  ( o r  
m o d e s )  t h a t  i s  ( a r e )  g u i d e d  b y  a  t h i n - f i l m  l a y e r .  T h e  v a r i o u s  b e a m  c o u p l e r s  f o r  p l a n a r  
g u i d e s  c a n  b e  c l a s s i f i e d  i n t o  t w o  p r i n c i p a l  c a t e g o r i e s :  t r a n s v e r s e  c o u p l e r s  i n  w h i c h  t h e  
b e a m  i s  f o c u s e d  o n  a n  e x p o s e d  c r o s s - s e c t i o n  o f  t h e  g u i d e ,  a n d  l o n g i t u d i n a l  c o u p l e r s  i n  
w h i c h  t h e  b e a m  i s  i n c i d e n t  o b l i q u e l y  o n t o  t h e  g u i d e .  T h e  f o r m e r  c a t e g o r y  i n v o l v e s  e n d -  
f i r e  c o u p l i n g  ( F i g u r e  3 . 1 a )  a n d  b u t t  c o u p l i n g  ( F i g u r e  3 . 1 b ) ,  w h e r e a s  t h e  l a t t e r  i n c l u d e s  
p r i s m  c o u p l i n g  ( F i g u r e  3 . 1 c ) ,  t a p e r e d  c o u p l i n g  ( F i g u r e  3 . I d ) ,  w h i c h  i s  d i s c u s s e d  i n  t h e  
n e x t  s e c t i o n ,  a n d  g r a t i n g  c o u p l i n g  ( F i g u r e  3 . 1 e ) .
E n d - f i r e  c o u p l i n g  a n d  b u t t  c o u p l i n g  a r e  v e r y  s i m i l a r ,  i n v o l v i n g  s i m p l y  d i r e c t i n g  l i g h t  o n t o  
t h e  e n d  o f  t h e  w a v e g u i d e .  T h e  d i s t i n c t i o n  t h a t  i s  u s u a l l y  m a d e  b e t w e e n  t h e s e  t w o  m e t h o d s  
i s  t h a t  b u t t  c o u p l i n g  i n v o l v e s  s i m p l y  ‘b u t t i n g ’ t h e  t w o  d e v i c e s  o r  w a v e g u i d e s  u p  t o  o n e  
a n o t h e r ,  s u c h  t h a t  t h e  m o d e  f i e l d  o f  t h e  ‘t r a n s m i t t i n g ’ d e v i c e s ,  f a l l s  o n t o  t h e  e n d f a c e  o f  
t h e  r e c e i v i n g  d e v i c e ,  w h e r e a s  e n d - f i r e  c o u p l i n g  i n c o i p o r a t e s  a  l e n s  t o  f o c u s  t h e  i n p u t  
b e a m  o n t o  t h e  e n d f a c e  o f  t h e  ‘ r e c e i v i n g ’ d e v i c e .  T h e r e f o r e  l i g h t  i s  i n t r o d u c e d  i n t o  t h e  e n d  
o f  t h e  w a v e g u i d e ,  a n d  c a n  p o t e n t i a l l y  e x c i t e  a l l  m o d e s  o f  t h e  w a v e g u i d e .  P r i s m  c o u p l i n g  
a n d  g r a t i n g  c o u p l i n g ,  h o w e v e r ,  a r e  d i s t i n c t l y  d i f f e r e n t  a p p r o a c h e s ,  b e c a u s e  t h e y  i n t r o d u c e  
a n  i n p u t  b e a m  t h r o u g h  t h e  s u r f a c e  o f  a  w a v e g u i d e ,  a t  a  s p e c i f i c  a n g l e ,  T h i s  e n a b l e s  p h a s e  
m a t c h i n g  t o  a  p a r t i c u l a r  p r o p a g a t i o n  c o n s t a n t  w i t h i n  t h e  w a v e g u i d e ,  t h e r e b y  e n a b l i n g  
e x c i t a t i o n  o f  a  s p e c i f i c  m o d e .
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T h e  s i m p l e s t  m e t h o d  o f  t r a n s v e r s e  c o u p l i n g  i s  t h e  e n d - f i r e  a p p r o a c h  ( F i g u r e  3 . 1 a ) .  T h e  
t r a n s f e r  o f  b e a m  e n e r g y  t o  a  g i v e n  w a v e g u i d e  m o d e  i s  a c c o m p l i s h e d  b y  m a t c h i n g  t h e  
b e a m - f i e l d  t o  t h e  w a v e g u i d e  m o d e  f i e l d .  T h e  c o u p l i n g  e f f i c i e n c y  c a n  b e  c a l c u l a t e d  f r o m  
t h e  o v e r l a p  i n t e g r a l  [ 3 . 1 ]  o f  t h e  f i e l d  p a t t e r n  o f  t h e  i n c i d e n t  b e a m  a n d  t h e  w a v e g u i d e  
m o d e ,  t a k i n g  i n t o  a c c o u n t  t h e  r e f l e c t i o n  a t  t h e  s u r f a c e .  T h e  e n d - f i r e  m e t h o d  i s  p a r t i c u l a r l y  
u s e f u l  f o r  c o u p l i n g  g a s - l a s e r  b e a m s  t o  t h e  f u n d a m e n t a l  w a v e g u i d e  m o d e  b e c a u s e  o f  t h e  
r e l a t i v e l y  g o o d  m a t c h  b e t w e e n  t h e  G a u s s i a n  b e a m  p r o f i l e  a n d ,  i n  t h e  c a s e  o f  a  p l a n a r  
w a v e g u i d e ,  t h e  f u n d a m e n t a l  w a v e g u i d e  m o d e  s h a p e .  O f  c o u r s e ,  t h e  b e a m  d i a m e t e r  m u s t  
b e  c l o s e l y  m a t c h e d  t o  t h e  w a v e g u i d e  t h i c k n e s s  f o r  o p t i m u m  c o u p l i n g .  I f  a n y  m i s m a t c h  
o c c u r s  b e t w e e n  t h e  p r o f i l e  o f  t h e  i n c i d e n t  b e a m  a n d  t h e  s h a p e  o f  t h e  s u r f a c e - w a v e  f i e l d ,  
e n e r g y  i s  l o s t  i n t o  h i g h e r  u n d e s i r a b l e  s u r f a c e - w a v e  m o d e s  a n d  i n t o  s c a t t e r e d  f i e l d s ,  i . e . ,  
r a d i a t i o n  m o d e s .  I n  a d d i t i o n ,  c o n s i d e r a b l e  l o s s e s  o c c u r  i f  t h e  p l a n a r  g u i d e  b o u n d a r y  i s  n o t  
p e r f e c t l y  f l a t  a n d  c l e a n .  I n  p r a c t i c e ,  e f f i c i e n c y  o f  a b o u t  6 0 %  i s  u s u a l l y  a c h i e v e d  [ 3 . 2 ] ,  f o r  
f i l m  t h i c k n e s s e s  o n  t h e  o r d e r  o f  1  p m ,  a n d  t h u s  a l i g n m e n t  i s  v e r y  c r i t i c a l .
Figure 3.1. Five techniques fo r  coupling light to optical waveguides
F o r  c o u p l i n g  a  w a v e g u i d e  t o  a  s e m i c o n d u c t o r  l a s e r ,  o r  l i g h t  f r o m  a n  o p t i c a l  f i b r e ,  t h e  
b u t t - c o u p l i n g  a p p r o a c h  ( F i g u r e  3 . 1 b )  c a n  b e  u s e d  [ 3 . 3 ] .  A s  p r i s m  a n d  g r a t i n g  c o u p l e r s  a r e  
v e r y  s e n s i t i v e  t o  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  l i g h t  b e a m ,  a n d  t h e  i n j e c t i o n  l a s e r  h a s  a
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r e l a t i v e l y  u n c o l l i m a t e d  e m i t t e d  b e a m ,  t h e y  a r e  n o t  s u i t a b l e  f o r  t h i s  k i n d  o f  c o u p l i n g .  O n  
t h e  o t h e r  h a n d ,  b u t t  c o u p l i n g  c a n  b e  v e r y  e f f i c i e n t  s i n c e  t h e  t h i c k n e s s  o f  t h e  w a v e g u i d e  
c a n  b e  m a d e  a p p r o x i m a t e l y  e q u a l  t o  t h a t  o f  t h e  l i g h t  e m i t t i n g  l a y e r  i n  t h e  l a s e r ,  a n d  s i n c e  
t h e  f i e l d  d i s t r i b u t i o n  o f  t h e  f u n d a m e n t a l  l a s i n g  m o d e  i s  w e l l  m a t c h e d  t o  t h e  T E o  o r  T M o  
w a v e g u i d e  m o d e .  I f  t h e  t h i c k n e s s  o f  t h e  w a v e g u i d e  i s  e q u a l  t o  t h e  t h i c k n e s s  o f  t h e  l a s e r  
e m i t t i n g  l a y e r ,  c o u p l i n g  e f f i c i e n c y  c a n  t h e o r e t i c a l l y  a p p r o a c h  1 0 0 %  f o r  t h e  l o w e s t  o r d e r  
w a v e g u i d e  m o d e .  I n  t h a t  c a s e  c o u p l i n g  i n t o  h i g h e r - o r d e r  w a v e g u i d e  m o d e s  i s  n e a r l y  z e r o .  
C o u p l i n g  e f f i c i e n c y  i s  m o s t  s e n s i t i v e  t o  t r a n s v e r s e  l a t e r a l  m i s a l i g n m e n t ,  b u t  t h e  s p a c i n g  
b e t w e e n  t h e  l a s e r  a n d  t h e  w a v e g u i d e  i s  a l s o  i m p o r t a n t  f o r  a  d i v e r g e n t  s o u r c e .  Y a n a g i s a w a  
a t  a l . ,  h a v e  u s e d  a  h y b r i d - i n t e g r a t i o n  p r o c e s s  t o  c o u p l e  a n  A l G a A s  l a s e r  d i o d e  t o  a  g l a s s  
w a v e g u i d e  o n  a  s i l i c o n  s u b s t r a t e  [ 3 . 4 ] .  C o u p l i n g  l o s s  w a s  a p p r o x i m a t e l y  3 d B  d u e  t o  
m i s a l i g n m e n t .
W h e n  i t  i s  n e c e s s a r y  t o  c o u p l e  l i g h t  i n t o  a  w a v e g u i d e  t h a t  i s  b u r i e d  w i t h i n  O I C ,  w i t h  o n l y  
t h e  s u r f a c e  e x p o s e d ,  t r a n s v e r s e  c o u p l i n g  c a n n o t  b e  u s e d .  F o r  c o u p l i n g  t o  o c c u r ,  
c o m p o n e n t s  o f  t h e  p h a s e  v e l o c i t i e s  o f  t h e  w a v e s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  h a v e  t o  b e  
t h e  s a m e  i n  b o t h  t h e  w a v e g u i d e  a n d  t h e  b e a m .  O n e  s o l u t i o n  i s  t o  u s e  a  p r i s m  ( F i g u r e  
3 , 1 c ) .  I f  t h e  s p a c i n g  b e t w e e n  t h e  p r i s m  a n d  t h e  w a v e g u i d e  i s  s m a l l  e n o u g h  s o  t h a t  t h e  t a i l s  
o f  t h e  w a v e g u i d e  m o d e s  o v e r l a p  t h e  t a i l  o f  t h e  p r i s m  m o d e ,  t h e r e  i s  a  c o h e r e n t  c o u p l i n g  
o f  e n e r g y  f r o m  t h e  p r i s m  m o d e  t o  t h e  mth w a v e g u i d e  m o d e  w h e n  i n c i d e n t  a n g l e  6m i s  
s u i t a b l y  c h o s e n .  T h i s  p r o c e s s  o f  c o u p l i n g  e n e r g y  v i a  t h e  o v e r l a p p i n g  m o d e  t a i l s ,  w h i l e  t h e  
i n c i d e n t  b e a m  t e n d s  t o  b e  t o t a l l y  i n t e r n a l l y  r e f l e c t e d  i n  t h e  p r i s m ,  i s  s o m e t i m e s  c a l l e d  
optica l tunnelling  o r  evanescent coupling . F o r  a  G a u s s i a n  b e a m  s h a p e ,  t h e  m a x i m u m  
c o u p l i n g  e f f i c i e n c y  i s  a b o u t  8 0 %  [ 3 . 5 ]  ( f o r  S O I  w a v e g u i d e  4 6 %  [ 3 . 6 ] ) .  O n e  d i s a d v a n t a g e  
o f  t h e  p r i s m  i s  t h a t  t h e  i n c i d e n t  b e a m  m u s t  b e  h i g h l y  c o l l i m a t e d  b e c a u s e  o f  t h e  c r i t i c a l  
a n g u l a r  d e p e n d e n c e  o f  c o u p l i n g  e f f i c i e n c y  i n t o  a  g i v e n  m o d e .  I n  a d d i t i o n ,  t h e  a d j u s t m e n t  
o f  t h e  a i r  g a p  b e t w e e n  t h e  p r i s m  a n d  t h e  w a v e g u i d e  i s  c r i t i c a l .  T h e  r e q u i r e m e n t  o f  a  s t a b l e  
m e c h a n i c a l  p r e s s u r e  t o  h o l d  t h e  p r i s m  i n  p l a c e  m a k e s  i t  l e s s  u s e f u l  i n  p r a c t i c a l  
a p p l i c a t i o n s ,  i n  w h i c h  v i b r a t i o n  a n d  t e m p e r a t u r e  v a r i a t i o n s  a r e  u s u a l l y  e n c o u n t e r e d .  
A n o t h e r  d i s a d v a n t a g e  i s  t h a t  i t  i s  n o t  s u i t e d  t o  m a t e r i a l  s y s t e m s  t h a t  u t i l i s e  r i b  w a v e g u i d e s  
s u c h  a s  t h e  s i l i c o n  t e c h n o l o g y ,  d u e  t o  t h e  l i o n - p l a n a r  s u r f a c e .  F o r  l o w  i n d e x  c o n t r a s t  
m a t e r i a l s ,  t h e  p r i s m  r e f r a c t i v e  i n d e x  m u s t  b e  g r e a t e r  t h a n  t h e  w a v e g u i d e  r e f r a c t i v e  i n d e x ,  
w h i l e  L u  a n d  P r a t h e r  h a v e  s h o w n  t h a t  f o r  s e m i c o n d u c t o r s  t h e  p r i s m  a n d  w a v e g u i d e  c a n  
b e  m a d e  f r o m  t h e  s a m e  m a t e r i a l  [ 3 . 6 ] .
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T h e  s u r f a c e  g r a t i n g  c o u p l e r ,  t h a t  c a n  b e  o f  i n d e x  m o d u l a t i o n  t y p e  o r  r e l i e f  t y p e ,  p r o d u c e s  
a  p h a s e  m a t c h i n g  b e t w e e n  a  p a r t i c u l a r  w a v e g u i d e  m o d e  a n d  a n  u n g u i d e d  o p t i c a l  b e a m ,  
w h i c h  i s  i n c i d e n t  a t  t h e  w a v e g u i d e  s u r f a c e  ( F i g u r e  3 . 1 e ) .  I t  p e r t u r b s  t h e  w a v e g u i d e  m o d e s  
i n  t h e  r e g i o n  u n d e r n e a t h  t h e  g r a t i n g ,  t h u s  c a u s i n g  e a c h  o n e  o f  t h e m  t o  h a v e  a  s e t  o f  s p a t i a l  
h a r m o n i c s .  T h e  g r a t i n g  c o u p l e r  c a n  b e  u s e d  t o  s e l e c t i v e l y  t r a n s f e r  e n e r g y  f r o m  a n  o p t i c a l  
b e a m  t o  a  p a r t i c u l a r  w a v e g u i d e  m o d e  b y  p r o p e r l y  c h o o s i n g  t h e  a n g l e  o f  i n c i d e n c e .  I t  c a n  
b e  a l s o  u s e d  a s  a n  o u t p u t  c o u p l e r ,  b e c a u s e ,  b y  r e c i p r o c i t y ,  e n e r g y  f r o m  w a v e g u i d e  m o d e s  
w i l l  b e  c o u p l e d  o u t  a t  s p e c i f i c  a n g l e s ,  0m , c o r r e s p o n d i n g  t o  a  p a r t i c u l a r  m o d e .  C o u p l i n g  
d e p e n d s  v e r y  s t r o n g l y  o n  t h e  c r o s s - s e c t i o n a l  s h a p e  o f  t h e  g r a t i n g  c a s t e l l a t i o n s  a s  w e l l  a s  
o n  t h e i r  s p a c i n g  [ 3 . 7 ] ,  [ 3 . 8 ] .  T h e  e f f i c i e n c y  c a n  b e  g r e a t l y  i m p r o v e d  b y  s h a p i n g  i t s  p r o f i l e  
a s y m m e t r i c a l l y  [ 3 . 7 ] ,  [ 3 . 9 ] ,  [ 3 . 1 0 ] .  T h e  p r i n c i p a l  a d v a n t a g e  o f  t h e  g r a t i n g  c o u p l e r  i s  t h a t ,  
o n c e  f a b r i c a t e d ,  i t  i s  a n  i n t e g r a l  p a r t  o f  t h e  w a v e g u i d e  s t r u c t u r e .  H e n c e  i t  r e m a i n s  
c o n s t a n t  a n d  i s  n o t  a l t e r e d  a p p r e c i a b l y  b y  v i b r a t i o n  o r  a m b i e n t  c o n d i t i o n s .  T h e  g r a t i n g  
c o u p l e r  c a n  b e  a l s o  u s e d  o n  h i g h - i n d e x  s e m i c o n d u c t o r  w a v e g u i d e s  f o r  w h i c h  i t  i s  d i f f i c u l t  
t o  o b t a i n  a  s u i t a b l e  p r i s m  m a t e r i a l .  H o w e v e r ,  i t  i s  h i g h l y  a n g l e  a n d  b e a m  s h a p e  
d e p e n d e n t .  I n  s e c t i o n  3 . 3  m o r e  d e t a i l s  a b o u t  t h i s  t y p e  o f  c o u p l e r  a r e  d i s c u s s e d .
t h i c k  t h i n
S i ° 2  S i 0 2  D - f i b e r
Figure 3.2. D-fibre coupler [3.11]
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I n  F i g u r e  3 . 2 ,  a n o t h e r  i d e a  f o r  c o u p l i n g  a n  o p t i c a l  f i b r e  w i t h  a  w a v e g u i d e  i s  g i v e n  [ 3 . 1 1 ] .  
I t  i s  t h e  D - f i b r e  c o u p l e r .  T o  i m p r o v e  t h e  o v e r l a p  o f  t h e  o p t i c a l  f i e l d s  o f  t h e  f i b r e  a n d  
w a v e g u i d e ,  a  p o r t i o n  o f  f i b r e  c l a d d i n g  i s  r e m o v e d .  T h e  f l a t  s u r f a c e  i s  t h e n  f u s e d  t o  a  
s i l i c o n  d i o x i d e  c o a t e d  p o r t i o n  o f  w a v e g u i d e .  A  p o r t i o n  o f  t h e  s i l i c o n  d i o x i d e  l a y e r  i s  
r e m o v e d  ( t h i n  S i 0 2  l a y e r  i n  F i g u r e  3 . 2 )  t o  i m p r o v e  t h e  c o u p l i n g .  T h e  l i g h t  i n  t h e  f i b r e  i s  
e v a n e s c e n t l y  c o u p l e d  i n t o  t h e  w a v e g u i d e ,  h i  t h e  r e g i o n  o f  t h e  t h i c k  S i 0 2  l a y e r  l i g h t  d o e s  
n o t  s u f f e r  m u c h  a t t e n u a t i o n  d u e  t o  e v a n e s c e n t  l o s s .  A s  t h e  f i b r e  i s  f u s e d  t o  t h e  w a f e r ,  i t s  
p o s i t i o n  c a m i o t  b e  c h a n g e d .  T h e  a u t h o r s  m e n t i o n e d  t h a t  t h e  p l a n a r  w a v e g u i d e  m a y  b e  
m a d e  f r o m  a  d o p e d  s i l i c o n  d i o x i d e  g i v i n g  n o  c o u p l i n g  e f f i c i e n c y  o r  i n t e r a c t i o n  l e n g t h .  D -  
f i b r e  c o u p l e r s  w e r e  a l s o  d i s c u s s e d  b y  B a r r y  a t  a l . ,  [ 3 . 1 2 ]  a n d  C o n e s e  a t  a l . ,  [ 3 . 1 3 ] .  T h e  
l a t t e r  p a p e r  t r e a t e d  s i l i c o n  d i o x i d e  b a s e d  w a v e g u i d e s ,  w h i l e  t h e  f o r m e r  d e a l t  w i t h  p o l y m e r  
w a v e g u i d e s .  B a r r y  a t  a l . ,  [ 3 . 1 2 ]  a c h i e v e d  t h e  c o u p l i n g  e f f i c i e n c y  o f  a r o u n d  9 0 % ,  w h i c h  i s  
n o t  s u r p r i s i n g  k n o w i n g  t h a t  t h e  p o l y m e r  r e f r a c t i v e  i n d e x  c a n  b e  i n  t h e  r a n g e  1 . 3 - 1 . 7
[ 3 . 1 4 ] .  G e n e r a l l y ,  t h i s  c o n f i g u r a t i o n  c a n  b e  u s e d  f o r  t r a n s f e r  o f  o p t i c a l  p o w e r  f r o m  t h e  
f i b r e  t o  w a v e g u i d e s  w i t h  r e f r a c t i v e  i n d i c e s  s i m i l a r  t o  t h e  f i b r e  r e f r a c t i v e  i n d e x .  I t  i s  n o t ,  
h o w e v e r ,  s u i t a b l e  f o r  c o u p l i n g  t o  a  t h i n  s e m i c o n d u c t o r  w a v e g u i d e  b e c a u s e  o f  a  g r e a t  
d i f f e r e n c e  b e t w e e n  t h e  f i b r e  a n d  t h e  w a v e g u i d e  b o t h  i n  d i m e n s i o n s  a n d  r e f r a c t i v e  i n d i c e s .
L=2.76mm
Figure 3.3. Coupler structure designed fo r  garnet materials [3.15]
C a i  a t  a l . ,  [ 3 . 1 5 ]  p r o p o s e d  t h e i r  f i b r e - w a v e g u i d e  c o u p l e r  c o n s i s t i n g  o f  a  f i v e - l a y e r e d  
s t r u c t u r e  s h o w n  i n  F i g u r e  3 . 3 .  T h e  p o w e r  i s  c o u p l e d  i n t o  w a v e g u i d e  ( 1 )  a n d  t h e n
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t r a n s m i t t e d  g r a d u a l l y  i n t o  t h i n  w a v e g u i d e  ( 2 ) .  T w o  c o u p l i n g  c o n f i g u r a t i o n s  w e r e  
a n a l y s e d .  T h e  f i r s t  w a s  d o p e d  s i l i c a  b a s e d ,  a n d  t h e  s e c o n d  w a s  f a b r i c a t e d  u s i n g  g a r n e t  
m a t e r i a l s  ( F i g u r e  3 . 3 ) .  T h e o r e t i c a l  p r e d i c t i o n s  w e r e  9 3 %  f o r  t h e  f i r s t ,  a n d  8 4 %  f o r  t h e  
s e c o n d  c o u p l e r .  T h e  a u t h o r s  m e a s u r e d  t h e  c o u p l i n g  e f f i c i e n c y  o f  6 4 %  f o r  t h e  g a r n e t  
b a s e d  c o u p l e r .  I t  c a n  b e  s e e n  a g a i n  t h a t  s t r u c t u r e s  w i t h  v e r y  s i m i l a r  r e f r a c t i v e  i n d i c e s  
w e r e  u s e d .  O t h e r w i s e ,  t h e  c o u p l i n g  e f f i c i e n c y  w o u l d  h a v e  b e e n  v e r y  p o o r .  F o r  f i b r e  -  t h i n  
s e m i c o n d u c t o r  w a v e g u i d e  c o u p l i n g ,  o t h e r  m e t h o d s  m u s t  b e  u s e d ,  a n d  t h e y  a r e  d i s c u s s e d  
i n  t h e  f o l l o w i n g  s e c t i o n s .
3.2  Tapered couplers
T h e  m a i n  m o t i v a t i o n  f o r  t h e  r e s e a r c h  i n  t a p e r e d  c o u p l e r s  w a s  t o  e n a b l e  e f f i c i e n t  c o u p l i n g  
b e t w e e n  a  s e m i c o n d u c t o r  l a s e r  a n d  a n  o p t i c a l  f i b r e .  T h e  m o d e  s i z e  o f  a  t y p i c a l  
s e m i c o n d u c t o r  w a v e g u i d e  i s  s m a l l e r  t h a n  2 p m  a n d  t h e  o p t i c a l  m o d e  p r o f i l e  i s  e l l i p t i c a l .  
A s  t h e  f i b r e  h a s  a  m o d e  d i a m e t e r  o f  » 1 0 p m  a n d  a  q u a s i - G a u s s i a n  s h a p e ,  i t  i s  c l e a r  w h y  
t h e  r e s e a r c h  h a s  b e e n  f o c u s e d  o n  i m p r o v i n g  t h e  c o u p l i n g  e f f i c i e n c y  b e t w e e n  t h e s e  t w o  
d i f f e r e n t  m o d e s .
A  l a r g e  G a u s s i a n  f i e l d  d i s t r i b u t i o n  c a n  o n l y  b e  o b t a i n e d  w i t h  a  v e r y  t h i c k  g u i d i n g  l a y e r  
w h i c h  h a s  a  v e r y  s m a l l  r e f r a c t i v e  i n d e x  d i f f e r e n c e  ( o f  t h e  o r d e r  o f  1 0 " 3 )  b e t w e e n  t h e  c o r e  
a n d  c l a d d i n g .  S u c h  a  s m a l l  r e f r a c t i v e  i n d e x  d i f f e r e n c e  c a n  h a r d l y  b e  r e a l i s e d  b y  
c o m p o s i t i o n a l  c h a n g e  i n  I I I - V  m a t e r i a l s .  A p p r o a c h e s  t h a t  u s e  m i c r o l e n s e s  o r  
t a p e r e d / l e n s e d  f i b r e s  [ 3 . 1 6 ] ,  [ 3 . 1 7 ]  s u f f e r  f r o m  t h e  f i e l d  m i s m a t c h  p r o b l e m s  s i n c e  o n l y  t h e  
s i z e  a n d  n o t  t h e  s h a p e  o f  t h e  o p t i c a l  m o d e  i s  c o n v e r t e d .  T h e  d e c r e a s e  o f  t h e  c o u p l i n g  l o s s  
i s  u s u a l l y  a t  t h e  e x p e n s e  o f  t h e  a l i g n m e n t  t o l e r a n c e ,  r e s u l t i n g  i n  h i g h  p a c k a g i n g  c o s t s .  
K n o w i n g  t h a t  p a c k a g i n g  c o s t s  c a n  b e  a s  h i g h  a s  9 0 %  o f  t h e  t o t a l  d e v i c e  c o s t  [ 3 . 1 8 ] ,  i t  i s  
c l e a r  t h a t  t h i s  i s  n o t  a  p a r t i c u l a r l y  g o o d  a p p r o a c h .
Figure 3.4. Examples o f lateral, vertical and combined taper structures [3.18]
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T h e r e f o r e ,  t h e  r e s e a r c h  a c t i v i t y  h a s  c o n c e n t r a t e d  o n  t h e  m o n o l i t h i c  i n t e g r a t i o n  o f  m o d e  
s i z e  c o n v e r t e r s  ( o r  t a p e r s )  w i t h  I I I - V  s e m i c o n d u c t o r  c o m p o n e n t s ,  t o  a c h i e v e  a  l a r g e r  a n d  
m o r e  s y m m e t r i c  n e a r  f i e l d  p a t t e r n  a t  t h e  d e v i c e  f a c e t .  T h i s  a p p r o a c h  a l l o w s  b o t h  l o w  
c o u p l i n g  l o s s  a n d  l a r g e r  a l i g n m e n t  t o l e r a n c e s ,  h e n c e  r e d u c i n g  p a c k a g i n g  c o s t s .  F o r  t h e  
i n t e g r a t i o n  o f  a  s e m i c o n d u c t o r  l a s e r  w i t h  a  t a p e r  t h e r e  i s  a n  a d d i t i o n  a d v a n t a g e ,  w h i c h  i s  
a n  i n c r e a s e  i n  t h e  o p e r a t i n g  l i f e t i m e  a n d  t h e  m a x i m u m  o u t p u t  p o w e r  o f  t h e  l a s e r .  T h e  
t a p e r s  c a n  b e  l a t e r a l  [ 3 . 1 9 ] ,  v e r t i c a l  [ 3 . 2 0 ]  a n d  c o m b i n e d  [ 3 . 2 1 ]  ( F i g u r e  3 . 4 ) .
Figure 3.5. Schematic description o f  the nitride wedge in the p-glass waveguide [3.22]
T h e  w o r k  o n  l a t e r a l l y  t a p e r e d  c o u p l e r s  w a s  t r i g g e r e d  b y  S h a n i ,  H e n r y  a n d  c o - w o r k e r s
[ 3 . 2 2 ] .  T h e y  d e s i g n e d  t h e  s t r u c t u r e  s h o w n  i n  F i g u r e  3 . 5 .  T h e  p h o s p h o s i l i c a t e  g l a s s  w a s  
4 p m  t h i c k  a n d  7 p m  w i d e ,  w h i l e  t h e  S i 3 N 4 w a v e g u i d e  w a s  0 . 1 p m  t h i c k  a n d  2 p m  w i d e .  
B o t h  w a v e g u i d e s  r e s t e d  o n  a  b o t t o m  c l a d d i n g  l a y e r  o f  1 5 p m  t h i c k  s i l i c o n  d i o x i d e  
o b t a i n e d  b y  o x i d i z i n g  t h e  S i  s u b s t r a t e ,  a n d  w e r e  c o v e r e d  b y  4 p m  t h i c k  S i C f y  T h e  w e d g e  
w a s  1 m m  l o n g  a n d  w a s  u s e d  t o  i m p r o v e  c o u p l i n g  o f  l i g h t  f r o m  a  l a s e r  t o  a  f i b r e  ( t h e  
S i 3 N 4 w e d g e  w a s  b u t t  c o u p l e d  t o  t h e  l a s e r ) .  T h e  c o u p l i n g  l o s s  w a s  3 . 1 d B .  T h i s  
c o n f i g u r a t i o n  w i t h  S i  i n s t e a d  o f  S i 3 N 4 w e d g e  w o u l d  h a v e  v e r y  l o w  c o u p l i n g  e f f i c i e n c y ,  
b e c a u s e  o f  g r e a t  r e f r a c t i v e  i n d e x  d i f f e r e n c e  b e t w e e n  S i  a n d  S i 0 2 .
A  q u i t e  p o p u l a r  v a r i a t i o n  o f  t h e  p r e v i o u s  a p p r o a c h  i s  t h e  l a t e r a l l y  t a p e r e d  r i b  s t r u c t u r e  
s h o w n  i n  F i g u r e  3 . 6 ,  a n d  i n v e s t i g a t e d  i n  a  n u m b e r  o f  p a p e r s  ( e . g .  [ 3 . 2 3 ] ,  [ 3 . 2 4 ] ) .  
P r o g r e s s i v e  n a r r o w i n g  o f  t h e  e t c h e d  r i b  a t  o n e  e n d  o f  t h e  l a s e r  ( o r  a n y  t h i n  w a v e g u i d e )  
h a s  t h e  e f f e c t  o f  s q u e e z i n g  t h e  o p t i c a l  m o d e  o u t  o f  t h e  r i b  a n d  d o w n  i n t o  t h e  l a r g e r  
w a v e g u i d e  s t r u c t u r e  ( F i g u r e  3 . 7 )  t h e r e b y  e x p a n d i n g  t h e  f u n d a m e n t a l  o p t i c a l  m o d e  s i z e ,  
t h a t  c a n  p o t e n t i a l l y  h a v e  h i g h  c o u p l i n g  t o  a  s i n g l e - m o d e  f i b r e .
48
3 Input and Output Couplers
Figure 3.6. Tapered-rib adiabatic fib re  coupler [3 .24]
 1 0  a m
Figure 3 .7. Fundamental TE mode fo r  three rib widths (electric f ie ld  contours) [3 .25]
B o o k h a m  T e c h n o l o g y  P i c  r e p o r t e d  s i m i l a r  a p p r o a c h  ( F i g u r e  3 . 8 )  f o r  c o u p l i n g  t o  t h e i r  
e l e c t r i c a l  v a r i a b l e  o p t i c a l  a t t e n u a t o r  ( E V O A )  [ 3 . 2 6 ] .  T h e y  d e v e l o p e d  t h e  s o  c a l l e d  N V T  
( N o n - V e r t i c a l  T a p e r )  m o d e m a t c h i n g  e p i t a x i a l  a d i a b a t i c  t a p e r e d  w a v e g u i d e  t e c h n o l o g y  t o  
r e d u c e  t h e  i n s e r t i o n  l o s s  t o  a  V O A .  T h e  N V T  t a p e r  s t r u c t u r e  i s  f o r m e d  b y  s e l e c t i v e ,  
s i n g l e - c r y s t a l  e p i t a x i a l  s i l i c o n  o v e r g r o w t h  f o l l o w e d  b y  e t c h i n g  t o  l e a v e  a n  a d i a b a t i c  
t a p e r e d  w a v e g u i d e  s t r u c t u r e  w h i c h  h a s  a  u n i f o r m  h e i g h t  b u t  v a r y i n g  w i d t h ,  a s  d e p i c t e d  i n  
F i g u r e  3 . 8 .  F i g u r e  3 . 9  s h o w s  t h e  f i b r e - f i b r e  i n s e r t i o n  l o s s  o f  a  f o u r - c h a n n e l  E V O A  
m e a s u r e d  a t  f i n a l  t e s t  o f  a  d e v i c e .  T h e  i n s e r t i o n  l o s s  o f  l e s s  t h a n  1 . 1  d B  w a s  c o n s i s t e n t  
w i t h  0 . 1  t o  0 . 2  d B  w a v e g u i d e  p r o p a g a t i o n  l o s s  a n d  a b o u t  0 . 4 - 0 . 5 d B  t o t a l  f i b r e / N V T  
i n t e r f a c e  f o r  e a c h  o f  t h e  t w o  N V T / f i b r e  i n t e r f a c e s  i n  e a c h  c h a n n e l ,  a l t h o u g h  t h e  w i d t h  o f  
t h e  t a p e r  w a s  o n l y  1 . 2 p m  ( F i g u r e  3 . 8 ) .  T h e r e  w a s  n o  m e a s u r a b l e  c h a n g e  i n  p o l a r i z a t i o n  
d e p e n d e n t  l o s s  f r o m  t h e  a d d i t i o n  o f  t h e  N V T  i n  t h e  d e s i g n  o f  t h e  E V O A .  D i m e n s i o n s  o f
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t h e  w a v e g u i d e  t h a t  t h e  t a p e r  r e d u c e s  t o  w e r e  n o t  g i v e n ,  b u t  t h e  c o m m e r c i a l  d e v i c e s  t o  
w h i c h  i t  i s  c o u p l e d  [ 3 . 2 7 ] ,  t o g e t h e r  w i t h  m i s a l i g n m e n t  t o l e r a n c e s  q u o t e d ,  s u g g e s t  
w a v e g u i d e s  o f  s e v e r a l  m i c r o n s  i n  c r o s s - s e c t i o n  ( 4 - 5  m i c r o n s  a c c o r d i n g  t o  [ 3 . 2 8 ] ) .
Figure 3.8. NVT adiabatic taper waveguide structure by Bookham Technology P ic [3 .26]
W tv c lo if f t i  /nm .
Figure 3.9. M easured fibre-fibre insertion loss and polarisation-dependent loss 
fo r  a four-channel integrated EVOA using the NVT design [3 .26]
T h e  m o s t  i m p o r t a n t  p a r a m e t e r  f o r  t h i s  c o u p l i n g  m e t h o d  i s  t h e  t a p e r  t i p  w i d t h .  T h e  t i p  
s h o u l d  b e  d e s i g n e d  s u c h  t h a t  t h e  m i n i m u m  w i d t h  i s  s u b s t a n t i a l l y  s m a l l e r  t h e n  t h e  
w a v e l e n g t h  o f  l i g h t  t r a n s m i t t e d  i n  t h e  w a v e g u i d e  i n  o r d e r  n o t  t o  s u p p o r t  a n  o p t i c a l  m o d e  
i n  t h e  t i p  r e g i o n .  T h i s  i s  v e r y  c r i t i c a l ,  a n d  t h e  e f f e c t  o f  t i p  w i d t h  v a r i a t i o n  o n  t a p e r  l o s s  i s  
s h o w n  i n  F i g u r e  3 . 1 0  [ 3 . 2 9 ] .  T h i s  g r a p h s  s h o w s  s i m u l a t i o n  o f  a n  N V T  c o u p l e r  w h i c h  
t a p e r s  f r o m  l O p m x l O p m  d o w n  t o  2 . 5 p m x 2 . 3 p m .  T h e  t a p e r  l e n g t h  i s  1 m m ,  a n d  t h e  l o s s
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d u e  t o  s i d e w a l l  r o u g h n e s s  i s  a s s u m e d  t o  b e  z e r o .  I t  c a n  b e  s e e n  f r o m  F i g u r e  3 . 1 0  t h a t  f o r  a  
f i x e d  s i d e w a l l  a n g l e  o f  8 0 ° ,  t h e  t o t a l  t a p e r  l o s s  c a n  b e  r e d u c e d  b y  m o r e  t h a n  2 0 d B  f o r  a  
c h a n g e  i n  t i p  w i d t h  f r o m  2 p m  t o  0 . 5 p m .  H o w e v e r ,  e t c h i n g  o f  t h e  t a p e r  i n v a r i a b l y  l e a d s  t o  
s o m e  r o u n d i n g  o f  a l l  s h a r p  e d g e s ,  i n c r e a s i n g  t h e  l o s s .
Figure 3.10. NVT taper loss as a function o f sidewall angle fo r  several tip widths [3.29]
T a p e r s  i n  I I I - V  m a t e r i a l s  h a v e  b e e n  i m p l e m e n t e d  f o r  c o u p l i n g  a n  o p t i c a l  f i b r e  w i t h  a  t h i n  
s e m i c o n d u c t o r  w a v e g u i d e  q u i t e  s u c c e s s f u l l y .  T h e  t y p i c a l  l o s s  i s  i n  t h e  r a n g e  0 . 5 - 3 d B .  T h e  
r e a s o n  f o r  s u c h  g o o d  r e s u l t s  i s  t h a t  r e f r a c t i v e  i n d e x  d i f f e r e n c e  b e t w e e n  a d j a c e n t  l a y e r s  
c a n  b e  q u i t e  s m a l l ,  a n d  l i g h t  c a n  b e  g e n e r a t e d  i n  s u c h  t h i n  l a y e r s .  G o o d  r e s u l t s  ( 0 . 6 - 0 . 7 d B  
i n s e r t i o n  l o s s )  h a v e  b e e n  a c h i e v e d  i n  p o l y m e r s  a s  w e l l  [ 3 . 3 0 ] ,  [ 3 . 3 1 ]  b u t  p o l y m e r  d e v i c e s  
h a v e  i n  g e n e r a l  s e e n  p o o r  a c c e p t a n c e  i n  t h e  m a r k e t p l a c e  d u e  t o  c o n c e r n s  o v e r  l o n g  t e r m  
s t a b i l i t y .  T h e  s i t u a t i o n  i n  s i l i c o n - o n - i n s u l a t o r  b a s e d  m a t e r i a l s  i s  q u i t e  d i f f e r e n t ,  a s  t h e  
r e f r a c t i v e  i n d e x  o f  a d j a c e n t  l a y e r s  c a n n o t  b e  f i n e l y  t u n e d .  I t  w o u l d  b e  i n t e r e s t i n g ,  
h o w e v e r ,  t o  i n v e s t i g a t e  w h e t h e r  s i l i c o n  g e r m a n i u m  c o u l d  b e  u s e d  f o r  t h e  f a b r i c a t i o n  o f  
s u c h  c o u p l e r s ,  a s  i t s  r e f r a c t i v e  i n d e x  c a n  b e  c h a n g e d  w i t h  c h a n g i n g  G e  c o n t e n t .
R e c e n t l y ,  a  f e w  p a p e r s  h a v e  b e e n  p u b l i s h e d  o f f e r i n g  v e r t i c a l l y  ( a n d  l a t e r a l l y )  t a p e r e d  
s t r u c t u r e s  ( F i g u r e  3 . 1 1 )  a s  a  p o s s i b l e  m e a n s  f o r  c o u p l i n g  o p t i c a l  f i b r e s  t o  t h i n  s i l i c o n  
w a v e g u i d e s .  T h e s e  s t r u c t u r e s  a r e  i n t e g r a l  w a v e g u i d e  e x t e n s i o n s  a n d  a c t  a s  c l a s s i c  
a d i a b a t i c  t a p e r s  t h a t  t r a n s f o r m  i n p u t  f u n d a m e n t a l  m o d e  s h a p e ,  w h i c h  i s  m a t c h e d  t o  t h e  
m o d e  s h a p e  o f  t h e  f i b r e ,  t o  t h e  w a v e g u i d e  m o d e  s h a p e .
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Figure 3.11. Shapes o f  waveguide mode converters in silicon
T h e  g e o m e t r y  o f  a  v e r t i c a l l y  t a p e r e d  m o d e  c o n v e r t e r  r e p o r t e d  b y  F r i s c h  a t  a l . ,  [ 3 . 3 2 ]  f r o m  
t h e  C o n f l u e n t  P h o t o n i c s  C o r p o r a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  3 . 1 2 .  A n  a n t i - r e f l e c t i o n  
c o a t i n g  i s  i m p l e m e n t e d  t o  r e d u c e  F r e s n e l  r e f l e c t i o n .  T h e  t a p e r  e n a b l e s  b u t t  c o u p l i n g  o f  a  
s i n g l e  m o d e  f i b r e  t o  a  2 4 0 n m  t h i n  s i l i c o n  w a v e g u i d e .  T h e  s i l i c o n  d i o x i d e  l a y e r  i s  1 p m  
t h i c k  t o  p r e v e n t  p o w e r  l e a k a g e  t o  t h e  s u b s t r a t e .
Anti-reflection coating
Figure 3.12. Cross section o f  mode converter and waveguide structure in silicon [3.32]
T h e  a u t h o r s  h a v e  u s e d  B P M  a n d  F D T D  m e t h o d s  f o r  t h e  a n a l y s i s  o f  t h e  c o u p l e r .  F i g u r e  
3 . 1 3  i l l u s t r a t e s  t h e  p o w e r  d e n s i t y  w i t h i n  t h e  s t r u c t u r e  a s  t h e  l a u n c h e d  b e a m  p r o p a g a t e s  
t h r o u g h  a n  i n p u t  w e d g e ,  t h e n c e  t h r o u g h  a  s i n g l e  m o d e  w a v e g u i d e ,  a n d  f i n a l l y  t h r o u g h  a n  
o u t p u t  w e d g e  t h a t  c o n v e r t s  t h e  m o d e  s h a p e  b a c k  t o  t h a t  o f  a n  o p t i c a l  f i b r e .  T o  m i n i m i z e  
l o s s e s  b o t h  w e d g e s  h a v e  t a p e r  a n g l e s  o f  a b o u t  1 d e g r e e .  T h e  s a m e  f i g u r e  a l s o  p l o t s  t h e  
o p t i c a l  p o w e r  w i t h i n  t h e  f u n d a m e n t a l  m o d e  a n d  t h e  f i r s t  o r d e r  m o d e  a s  a  f u n c t i o n  o f  
p r o p a g a t i o n  d i s t a n c e .  T h e  c a l c u l a t i o n  i n d i c a t e d  t h a t  c o u p l i n g  e f f i c i e n c y  c o u l d  b e  a s  h i g h
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a s  9 5 % .  I n  t h e  t h i n  s i l i c o n  r e g i o n  w h e r e  o n l y  f u n d a m e n t a l  m o d e  i s  s u p p o r t e d ,  a  
s i g n i f i c a n t  p o r t i o n  o f  t h e  p o w e r  i s  c a r r i e d  i n  t h e  c l a d d i n g ,  a n d  r e - e n t e r s  t h e  s i l i c o n  a t  t h e  
o u t p u t  m o d e  c o n v e r t e r .  C a l c u l a t e d  p o l a r i s a t i o n  d e p e n d e n c e  w a s  s m a l l .
Power in Si 
Power in Mode 0 
Power in Mode 1
. 0
Figure 3.13. 2-D BPM  simulations o f  propagation through a mode converter and  
thin Si waveguide. P ow er is launched from  the bottom [3 .32]
V e r t i c a l l y  t a p e r e d  c o u p l e r s  h a v e  b e e n  f a b r i c a t e d  i n  S O I  u s i n g  g r e y - s c a l e  l i t h o g r a p h y  a n d  
e t c h i n g .  G r a y - s c a l e  t e c h n i q u e  u t i l i z e s  a  m a s k  t h a t  i s  d e s i g n e d  t o  p r o j e c t  o n t o  t h e  
p h o t o r e s i s t ,  a  p h o t o l i t h o g r a p h y  l i g h t  b e a m  o f  v a r i a b l e  i n t e n s i t y  [ 3 . 3 2 ] .  T h e  r e s i s t  i s  
d e s i g n e d  s o  t h a t  i t s  d e p t h  o f  r e m o v a l  d u r i n g  t h e  d e v e l o p i n g  s t e p  i s  d e p e n d e n t  u p o n  t h e  
e x p o s u r e  i t  r e c e i v e s .  A s  a  r e s u l t ,  w h e n  t h e  p h o t o r e s i s t  i r r a d i a t e d  t h r o u g h  t h e  g r e y - s c a l e  
m a s k  i s  d e v e l o p e d ,  i t  w i l l  h a v e  v a r y i n g  t h i c k n e s s .  W h e n  t h e  p h o t o r e s i s t  l a y e r  i s  s u b j e c t e d  
t o  t h e  s u b s e q u e n t  s i l i c o n  e t c h  s t e p ,  t h e  t h i n n e r  r e g i o n s  o f  p h o t o r e s i s t  a r e  f u l l y  r e m o v e d ,  
a n d  t h e r e b y  e x p o s e  u n d e r l y i n g  s i l i c o n  e a r l i e r  t h a n  t h i c k e r  r e g i o n s  o f  p h o t o r e s i s t .  T h e  
d e p t h  t o  w h i c h  t h e  u n d e r l y i n g  s i l i c o n  i s  e t c h e d  i s  t h e r e o f  d e t e r m i n e d  b y  t h e  t h i c k n e s s  o f  
t h e  p h o t o r e s i s t  a f t e r  b e i n g  d e v e l o p e d ,  t h e  s e l e c t i v i t y ,  a n d  t h e  e t c h  t i m e .  T h e  r e s u l t  i s  t h a t  
t h e  d e p t h  o f  t h e  s i l i c o n  e t c h  i s  m a d e  t o  v a r y  a c r o s s  t h e  s i l i c o n  s u r f a c e  i n  a  p r e d e t e r m i n e d  
f a s h i o n .  T y p i c a l l y ,  a  l o w  c o n t r a s t  r e s i s t  p r o v i d e s  o p t i m u m  p e r f o r m a n c e .  I n  a d d i t i o n  t o  
g r e y - s c a l e  l i t h o g r a p h y ,  t h e  f a b r i c a t i o n  p r o c e s s  t h a t  F r i s c h  a t  a l . ,  u s e d  i n v o l v e d  s e l e c t i v e  
e p i t a x i a l  g r o w t h  o f  s i l i c o n  t o  a c h i e v e  t h e  h e i g h t  o f  t h e  c o n v e r t e r ,  w h i c h  w a s  t y p i c a l l y  
1 1 p m .
X (um) Power Relative Power
Density 
Scale
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S e v e r a l  e x a m p l e s  o f  t a p e r e d  c o u p l e r s  f a b r i c a t e d  b y  C o n f l u e n t  P h o t o n i c s  a r e  s h o w n  i n  
F i g u r e  3 . 1 4 .  Q u i t e  l a r g e  r o u g h n e s s  o f  t h e  t a p e r s  c a n  b e  e a s i l y  s e e n ,  w h i c h  e x p l a i n s  w h y  
t h e  a u t h o r s  m e a s u r e d  “ h i g h  i n s e r t i o n  l o s s ”  f o r  t h e  c o n f i g u r a t i o n  i n  F i g u r e  3 . 1 2  i n  w h i c h  
t h e  w a v e g u i d e  t h i c k n e s s  w a s  o n l y  0 . 2 4 p m .
Figure 3.14. SEM micrograph o f  3-D tapers fabrica ted  in Si [3 .32]
L a t e r ,  t h e y  d e s c r i b e d  f a b r i c a t i o n ,  p r e p a r a t i o n  f o r  a n d  t e s t i n g  o f  b o t h  l a t e r a l  a n d  l a t e r -  
v e r t i c a l  m o d e  c o n v e r t e r s  [ 3 . 3 3 ] .  T h e  l a t e r a l  t a p e r  w a s  o b t a i n e d  b y  D R I E  ( D e e p  R e a c t i v e  
I o n  E t c h i n g ) ,  w h i l e  t h e  v e r t i c a l  t a p e r  w a s  m a d e  b y  p o l i s h i n g  u s i n g  d i a m o n d  s l u r r i e s .  
I n s e r t i o n  l o s s  o f  0 . 7 d B  f o r  a n  l l x l  l p m 2  t o  3 x 3 p m 2  v e r t i c a l - l a t e r a l  t a p e r  w a s  r e p o r t e d .  
F o r  o u t p u t  f a c e t  w i d t h s  s m a l l e r  t h a n  3  p m ,  h o w e v e r ,  t h e  I L  s t a r t s  t o  i n c r e a s e  r a p i d l y  
r e a c h i n g  2 . 5  d B  f o r  t h e  w i d t h  o f  2  p m  ( F i g u r e  3 . 1 5 ) .  T h e  t a p e r  r o u g h n e s s  s e e m e d  t o  b e  
t h e  m a i n  r e a s o n  f o r  s u c h  a  r a p i d  i n c r e a s e  o f  I L  w i t h  d e c r e a s i n g  o f  o u t p u t  f a c e t  
d i m e n s i o n s .  T o  s u p p o r t  s u c h  a  c o n c l u s i o n ,  t h e  a u t h o r s  g a v e  M a r c u s e ’ s  e q u a t i o n :
( 3 1 )
p  3
w h i c h  s t a t e s  t h a t  n o r m a l i z e d  p o w e r  l o s t  f r o m  t h e  f u n d a m e n t a l  m o d e  A P/P  i s  p r o p o r t i o n a l  
t o  t h e  s q u a r e  o f  t h e  R M S  r o u g h n e s s ,  A, a n d  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c u b e  o f  h a l f  t h e  
w a v e g u i d e  w i d t h ,  d. I n  t h i s  e q u a t i o n ,  C  i s  a  c o n s t a n t ,  a n d  L i s  t h e  w a v e g u i d e  l e n g t h .  
E q u a t i o n  ( 3 . 1 )  i l l u s t r a t e s  t h a t  s u r f a c e  r o u g h n e s s  i s  a  c r i t i c a l  p a r a m e t e r  w h i c h  b e c o m e s  
i n c r e a s i n g l y  i m p o r t a n t  a s  t h e  c r o s s  s e c t i o n  o f  t h e  w a v e g u i d e  c o r e  d e c r e a s e s .
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Figure 3.15, IL vs. facet size fo r  taper couplers that are both laterally and vertically tapered. 
The mode converters characterized hadfacet heights o f  3pm [3.33]
R e c e n t l y ,  S u r e  a t  a l . ,  [ 3 . 3 4 ]  h a v e  i m p r o v e d  g r e y - s c a l e  l i t h o g r a p h y  a n d  r e p o r t e d  
e x p e r i m e n t a l  r e s u l t s  f o r  a  v e r t i c a l  t a p e r  i n  s i l i c o n .  T h e y  e m p l o y e d  a  h i g h - e n e r g y  b e a m  
s e n s i t i v e  ( H E B S )  g l a s s  m a s k  w i t h  U V  g r e y s c a l e  l i t h o g r a p h y .  T h e  d e s i r e d  d e v i c e  p r o f i l e  
w a s  e n c o d e d  a s  a n  o p t i c a l  d e n s i t y  ( O D )  p r o f i l e  w i t h i n  t h e  m a s k ,  a f t e r  h a v i n g  d e t e r m i n e d  
t h e  r e s i s t  r e s p o n s e  t o  v a r y i n g  U V  e x p o s u r e .
T o  p a t t e r n  t h e  m a s k  b l a n k  w i t h  a  c o n t i n u o u s  O D  p r o f i l e ,  t h e y  d e v e l o p e d  a  t e c h n i q u e  t h a t  
i n v o l v e d  d e c o n v o l u t i o n  o f  t h e  d e s i r e d  O D  p r o f i l e  w i t h  a n  e x p e r i m e n t a l l y  d e t e r m i n e d  
e l e c t r o n  b e a m  ( e - b e a m )  p o i n t  s p r e a d  f u n c t i o n .  A f t e r  t h e  H E B S  g r e y s c a l e  m a s k  w a s  
p a t t e r n e d ,  a  s i n g l e  l i t h o g r a p h i c  s t e p  w a s  u s e d  t o  t r a n s f e r  t h e  m a s k  p a t t e r n  i n t o  t h e  
u n d e r l y i n g  s u b s t r a t e  ( F i g u r e  3 . 1 6 ) .  T h e  c r o s s - s e c t i o n a l  v a r i a t i o n  o f  t h e  t a p e r s  w a s  l i m i t e d  
t o  v e r t i c a l  t a p e r i n g  b e c a u s e  o f  t h e  r e s o l u t i o n  c o n s t r a i n t s  o f  t h e  t h i c k  r e s i s t .  S u c h  c o u p l e r s  
d i d  n o t  a c h i e v e  h o r i z o n t a l  m o d e  c o n v e r s i o n  ( F i g u r e  3 . 1 6 ) .  T h e  c o u p l e r s  h a d  i n p u t  a n d  
o u t p u t  f a c e t ,  e a c h  o f  1 0 p m  h i g h  a n d  a  c e n t r a l  w a v e g u i d e  o f  0 . 2 5 - 2 p m  h i g h  d e p e n d i n g  o n  
t h e  m a s k  d e s i g n .  W i t h  t h e  c a r e f u l  c h o i c e  o f  o p t i c a l  d e n s i t y  i n  m a s k ,  c o n t r o l  o f  t h e  
l i t h o g r a p h y  p a r a m e t e r s  a n d  i n s p e c t i o n  d u r i n g  t h e  d e v e l o p m e n t  p r o c e s s ,  t h e  r e p e a t a b i l i t y  
o f  t h e  c e n t r a l  w a v e g u i d e  h e i g h t s  w e r e  w i t h i n  ± 0 . 2 p m .  T h e  m e a s u r e d  c o u p l i n g  e f f i c i e n c y  
o f  4 5 %  w a s  o b t a i n e d  f o r  t h e  c o u p l e r  w i t h  t h e  c e n t r a l  w a v e g u i d e  h e i g h t  o f  0 . 2 5 p m .  T h i s  
l o w e r  v a l u e ,  c o m p a r i n g  t o  t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  8 2 % ,  w a s  p r o b a b l y  t h e  r e s u l t  o f  
t h e  s u r f a c e  r o u g h n e s s .
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l'ig I (iray>calc device fabrication steps
input coupler central waveguide output coupler 
Figure 3.16. Design o f  the vertical taper [3 .34]
Figure 3 .1 7. SEM  micrograph o f  vertical taper couplers in SOI [3 .34]
T h e  v e r t i c a l  t a p e r  s e e m s  t o  b e  t h e  m o s t  n a t u r a l  s o l u t i o n  f o r  t h e  p r o b l e m  o f  c o u p l i n g  a n  
o p t i c a l  f i b r e  w i t h  a  t h i n  s e m i c o n d u c t o r  w a v e g u i d e .  N e v e r t h e l e s s ,  s u r f a c e  r o u g h n e s s  o f  
s u f f i c i e n t  q u a l i t y  i s  d i f f i c u l t  t o  a c h i e v e .  M o r e o v e r ,  t h e  f a b r i c a t i o n  p r o c e s s  i s  q u i t e  
c o m p l e x  i n v o l v i n g  g r e y - s c a l e  l i t h o g r a p h y  a n d  s e l e c t i v e  e p i t a x i a l  g r o w t h  o f  s i l i c o n .
R e c e n t l y ,  s e v e r a l  i n v e r t e d  t a p e r  s t r u c t u r e s  i n  S O I  h a v e  b e e n  p r o p o s e d ,  i n  w h i c h  t h e  
w a v e g u i d e  i s  r e d u c e d  i n  s i z e  t o  e x p a n d  t h e  m o d e  s i z e  a n d  r e d u c e  t h e  e f f e c t i v e  r e f r a c t i v e  
i n d e x .  Y a m a d a  a t  a l . ,  [ 3 . 3 5 ]  a n a l y s e d  a n d  i m p l e m e n t e d  e x p e r i m e n t a l l y  a  t a p e r  c o u p l e r  
s h o w n  i n  F i g u r e  3 . 1 8 .  T h e  i n v e r s e  t a p e r  w a s  l o c a t e d  i n s i d e  a  3 . 3 p m  h i g h - i n d e x  p o l y m e r  
w a v e g u i d e ,  w h i c h  w a s  o p t i c a l l y  e q u i v a l e n t  t o  s i l i c a - b a s e d  w a v e g u i d e ,  a n d  t h e  t a p e r  w a s  
c o n n e c t e d  d i r e c t l y  t o  t h e  s i l i c o n - w i r e  w a v e g u i d e .  T h e  c r o s s - s e c t i o n  o f  t h e  s i l i c o n  w i r e
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w a s  0 . 4 x 0 . 2 p m .  T h e r e f o r e ,  t h e  t i p  o f  t h e  t a p e r s  h a d  t o  b e  e x t r e m e l y  t h i n  ( l O O n m ) .  
M o r e o v e r ,  b e c a u s e  o f  t h e  a d i a b a t i c  c o n v e r s i o n ,  t h e  t a p e r  h a d  t o  b e  2 0 0 p m  l o n g .
400x200nm  Si wire 
(L=1200um ) \ taper (L=300um )
<  >
Top view
500um
Side view
polymer waveguide
Si taper + wire  
S i0 2
Figure 3.18. Schematic o f  a sam ple fo r  mode profile converter presen ted by Yamada el al. [3 .35]
S u r f a c e  r o u g h n e s s  o f  t h e  s i d e - w a l l  a p p e a r e d  t o  b e  a r o u n d  l O n m .  T h e  c o n v e r s i o n  l o s s  o f  
0 . 5 d B  w a s  r e p o r t e d .  T h e  p o l a r i s a t i o n  d e p e n d a n t  l o s s  ( P D L )  w a s  0 . 5 d B ,  a n d  t h e  a p p l i c a b l e  
b a n d w i d t h  s e e m e d  t o  b e  a r o u n d  l O O n m .  H o w e v e r ,  t h e  a t t r i b u t i o n  o f  l o s s  s u g g e s t s  t h a t  t h e  
t o t a l  c o u p l i n g  l o s s  m a y  b e  s i g n i f i c a n t l y  h i g h e r ,  e s p e c i a l l y  i n  t h e  l i g h t  o f  a  v e r y  r e c e n t  
w o r k  o f  F .  G r i l l o t  a t  a l . ,  [ 3 . 3 6 ] ,  a n d  A l m e i d a  a t  a l . ,  [ 3 . 3 7 ] .
L i p s o n ’ s  g r o u p  f r o m  C o r n e l l  U n i v e r s i t y  p r o p o s e d  a n d  d e m o n s t r a t e d  a  s h o r t  i n v e r t e d  t a p e r  
c o u p l e r  s h o w n  i n  F i g u r e  3 . 1 9  [ 3 . 3 7 ] .  T h e  n a n o t a p e r  c o n s i s t s  o f  a  w a v e g u i d e  l a t e r a l l y  
t a p e r e d  t o  a  n a n o m e t r e - s i z e d  t i p  a t  t h e  f a c e s  i n  c o n t a c t  w i t h  t h e  f i b r e .  A  s h o r t  t a p e r  
t r a n s i t i o n  w a s  e m p l o y e d  b y  g r a d u a l l y  v a r y i n g  b o t h  s i d e w a l l s  i n  a  s y m m e t r i c  p a r a b o l i c  
t r a n s i t i o n  t o w a r d  t h e  f i n a l  w a v e g u i d e  w i d t h ,  w h e r e  t h e  p a r a b o l a  v e r t e x  w a s  l o c a t e d  a t  t h e  
n a n o t a p e r  t i p .  A t  t h e  t i p ,  t h e  m o d e  f i e l d  p r o f i l e  b e c o m e s  d e l o c a l i z e d  f r o m  t h e  w a v e g u i d e  
c o r e .  T h i s  d e l o c a l i z a t i o n  o f  t h e  m o d e  f i e l d  p r o f i l e  i n c r e a s e s  t h e  m o d e  o v e r l a p  w i t h  t h e  
o p t i c a l  f i b r e  m o d e .  I n  a d d i t i o n ,  m o s t  o f  t h e  m o d e  f i e l d  r e s i d e s  i n  t h e  S i C >2 c l a d d i n g  r e g i o n  
a t  t h e  t i p ,  c a u s i n g  t h e  e f f e c t i v e  i n d e x  t o  b e  c l o s e  t o  t h a t  o f  t h e  f i b r e ,  w h i c h  r e s u l t s  i n  
n e g l i g i b l e  b a c k r e f l e c t i o n s .
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Figure 3.19. Schematic o f  a waveguide with a short nanotaper proposed by Lipson at al., [3.37]
w (nm )
Figure 3.20. Mode mismatch loss dependence on nanotaper tip width. The crosshatched region 
represents the range o f  experimental values o f  w, [3.37]
T h e  c o u p l e r  w a s  f a b r i c a t e d  o n  a  S O I  w a f e r  w i t h  a  3 p m  b u r i e d  o x i d e  l a y e r  b y  e - b e a m  
l i t h o g r a p h y ,  f o l l o w e d  b y  i n d u c t i v e l y  c o u p l e d  p l a s m a  e t c h i n g  a n d  t h e  d e p o s i t i o n  o f  a  3  p m  
t h i c k  S i 0 2  c l a d d i n g  b y  p l a s m a  e n h a n c e d  c h e m i c a l  v a p o u r  d e p o s i t i o n .  T h e  a v e r a g e  
n a n o t a p e r  a n d  w a v e g u i d e  d i m e n s i o n s  w e r e  lt =  4 0 p m ,  w w -  4 7 0  ±  2 0 n m ,  h =  2 7 0  ±  l O n m ,  
Wt =  1 0 0  ±  l O n m .  T h e  m e a s u r e d  n a n o t a p e r  i n s e r t i o n  l o s s ,  w h i c h  w a s  3 . 3  ±  0 . 3 d B  f o r  T M -  
l i l c e  m o d e  a n d  6 . 0  ±  0 . 4 d B  f o r  T E - l i k e  m o d e  a t  A , o = 1 5 5 0 n m ,  o r i g i n a t e d  f r o m  t h e  m o d e
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m i s m a t c h  l o s s  b e t w e e n  t h e  o p t i c a l  f i b r e  a n d  t i p  f a c e t  m o d e s  a n d  f r o m  m o d e  c o n v e r s i o n  o f  
t h e  l o w - c o n f i n e d  m o d e  a t  t h e  t i p  f a c e t  i n t o  t h e  h i g h - c o n f i n e d  m o d e  i n  t h e  w a v e g u i d e .  A s  
c a n  b e  s e e n  f r o m  F i g u r e  3 . 2 0 ,  t h e r e  i s  a  q u i t e  l a r g e  d i f f e r e n c e  b e t w e e n  t h e  m o d e  
m i s m a t c h  l o s s e s  o f  T E  a n d  T M  m o d e s  f o r  d i f f e r e n t  t a p e r  w i d t h s .  T o  o b t a i n  a  c o u p l i n g  
e f f i c i e n c y  o f  0 . 5 d B  f o r  T E  m o d e  f o r  / , = 4 0 p m ,  a  l a r g e r  t i p  o f  w f =  1 2 0 p m  w o u l d  h a v e  b e e n  
r e q u i r e d  ( F i g u r e  3 . 2 0 ) .  O n  t h e  o t h e r  h a n d ,  f o r  T M  m o d e  t h e  o p t i m a l  c o u p l i n g  e f f i c i e n c y  
c o u l d  h a v e  b e e n  a c h i e v e d  f o r  5 0 n m  w i d e  t i p .  T h e  a u t h o r s  d i d  n o t  r e p o r t  w a v e l e n g t h  
d e p e n d e n c e  o f  t h e  c o u p l i n g  e f f i c i e n c y .
Square strip waveguides
Laser Input
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Input
Taper Photonic Output Q ^affibcr J>lu,to'detec,orcircuits
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Figure 3.21. 2D taper device in SO I[3.38]
T h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  i n v e r t e d  t a p e r  ( F i g u r e  3 . 2 1 )  w a s  c a r r i e d  o u t  b y  V i v i e n  a t  
a l . ,  [ 3 . 3 8 ]  u s i n g  a  f u l l - v e c t o r i a l  3 - D  m o d e  s o l v e r .  T h e y  a n a l y s e d  p r o p a g a t i o n  m o d e s  o f  
s q u a r e - s t r i p  S O I  w a v e g u i d e s  w i t h  d i m e n s i o n s  d e c r e a s i n g  f r o m  4 0 0 x 4 0 0 p m  t o  
1 0 0 x 1 0 0 p m .  T h e  d i f f e r e n c e  b e t w e e n  t h e  e f f e c t i v e  i n d e x  o f  t h e  f u n d a m e n t a l  p r o p a g a t i o n  
m o d e  a n d  t h e  s i l i c a  r e f r a c t i v e  i n d e x  w a s  p l o t t e d  ( F i g u r e  3 . 2 2 ) ,  t o g e t h e r  w i t h  t h e  m o d e  
d i a m e t e r .  F r o m  t h e  w a v e g u i d e  s i z e  r i = 4 0 0 n m  d o w n  t o  2 0 0 n m ,  t h e  m o d e  d i a m e t e r  
v a r i a t i o n s  a r e  v e r y  s m a l l ,  w h i l e  t h e  e f f e c t i v e  i n d e x  d e c r e a s e s  g r a d u a l l y  f r o m  2 . 6  t o  1 . 5 .  
A s  t h e  d i m e n s i o n s  d e c r e a s e  b e l o w  2 0 0 n m ,  t h e  g u i d e d  m o d e  b e c o m e s  e n l a r g e d ,  a n d  t h e  
b e a m  d i a m e t e r  ( m e a s u r e d  a t  1 / e 2 )  r e a c h e s  1 0 p m  f o r  < A = 1 2 0 m n .  O n  t h e  o t h e r  h a n d ,  a s  t h e
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s i z e  i s  r e d u c e d ,  t h e  e f f e c t i v e  i n d e x  o f  t h e  g u i d e d  m o d e  a p p r o a c h e s  t h e  s i l i c a  r e f r a c t i v e  
i n d e x .  F o r  r / = 1 2 0 n m ,  t h i s  l e a d s  t o  n e g l i g i b l e  r e f l e c t i o n  c o e f f i c i e n t  f r o m  a  g u i d e / f i b r e  
i n t e r f a c e .
o
<6
£Lim.Pd
W a v e g u i d e  s i z e  ( n m )
Figure 3.22. Effective index and mode diameter as a function o f  the size 
o f  the square-strip SOI waveguide [3.38]
T h e  a u t h o r s  c a l c u l a t e d  t h e  c o u p l i n g  l o s s  f o r  t h e  c o u p l e r  w i t h  3 5 0 x 3 5 0 n m  w a v e g u i d e  a n d  
1 5 5 x l 5 5 n m  t i p .  I t  w a s  l e s s  t h a n  0 . 2 d B  i n  t h e o r y .  T h e  w a v e l e n g t h  d e p e n d e n c e  o f  t h e  I L ,  
w i t h i n  t h e  1 . 5 - 1 . 6 p m  r e g i o n ,  w a s  a l s o  c a l c u l a t e d  t o  b e  l o w e r  t h a n  l d B .  H o w e v e r ,  
f a b r i c a t i o n  o f  t h i s  c o u p l e r  w o u l d  r e q u i r e  g r e y - s c a l e  l i t h o g r a p h y ,  a n d  a s  s h o w n  i n  t h e i r  
m o s t  r e c e n t  w o r k  [ 3 . 3 6 ] ,  s i g n i f i c a n t  s c a t t e r i n g  l o s s  d u e  t o  t h e  s u r f a c e  r o u g h n e s s  c o u l d  
o c c u r .
S i m i l a r l y  r e f e r e n c e  [ 3 , 3 9 ]  r e p o r t s  a  l o s s  o f  0 . 5 d B  p e r  i n t e r f a c e ,  e v e n  m o r e  i m p r e s s i v e .  
O n c e  a g a i n  t h e  w a y  t h i s  l o s s  i s  c a l c u l a t e d  m u s t  b e  c o n s i d e r e d .  F i r s t l y ,  t h e  t o t a l  i n s e r t i o n  
l o s s  w a s  m e a s u r e d ,  a n d  t h e  w a v e g u i d e  l o s s  s u b t r a c t e d ,  l e a v i n g  t h e  c o u p l i n g  l o s s .  
H o w e v e r ,  t h e  w a v e g u i d e  l o s s  w a s  m e a s u r e d  b y  a  v e r y  i n a c c u r a t e  t e c h n i q u e ,  t h e  a u t h o r s  
q u o t i n g  a n  u n c e r t a i n t y  o f  ± 7 0 % ,  a l t h o u g h  t h e  d a t a  s u g g e s t s  a n  u n c e r t a i n t y  o f  m o r e  l i k e  
2 0 0 %  ( F i g u r e  3 . 2 3 ) .  F u r t h e r m o r e ,  s u b t r a c t i o n  o f  w a v e g u i d e  l o s s  i m p l i e s  r e m o v a l  o f  
s c a t t e r i n g  l o s s ,  w h i c h  i s  c o m p o u n d e d  i n  t h e  t a p e r  s e c t i o n ,  a n d  f i n a l l y ,  n o  u n c e r t a i n t y  w a s  
a t t r i b u t e d  t o  t h e  i n s e r t i o n  l o s s  m e a s u r e m e n t  i t s e l f .  T a k i n g  t h e s e  i s s u e s  t o g e t h e r ,  t h i s  
m e a n s  t h a t  t h e  q u o t e d  l o s s  o f  0 . 5 d B s  p e r  i n t e r f a c e  c o u l d  a c t u a l l y  b e  a s  h i g h  a s  3 d B ,  b u t  
t h e  a c c u r a c y  o f  t h e  d a t a  m a k e s  i t  i m p o s s i b l e  t o  s a y  d e f i n i t i v e l y .  F i n a l l y ,  i t  i s  w o r t h  n o t i n g
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t h a t  c o u p l i n g  v i a  a n  i n v e r t e d  t a p e r  i s  v e r y  p o l a r i s a t i o n  d e p e n d a n t ,  a n d  h e n c e  f o r  s o m e  
a p p l i c a t i o n s  w o u l d  n e v e r  b e  c o m m e r c i a l l y  v i a b l e .
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Figure 3.23. Intensity o f  light scattered vertically from  optical circuit in [3 .39] 
with a 450nm wide strip waveguide fo r  TE polarized  light
3.3 Grating couplers
G r a t i n g s  f o r  i n t e g r a t e d  o p t i c s  i n c l u d e  n o t  o n l y  p a s s i v e  ( s t a t i c )  o p t i c a l  g r a t i n g s ,  b u t  a l s o  
d y n a m i c  ( c o n t r o l l a b l e )  o n e s  t h a t  a r e  p r o d u c e d  t h r o u g h  a c o u s t o o p t i c  o r  e l e c t r o o p t i c  e f f e c t s  
b y  a p p l y i n g  e l e c t r i c a l  s i g n a l s  t o  p e r i o d i c  e l e c t r o d e s .  G r a t i n g s  c a n  b e  u s e d  i n  a  n u m b e r  o f  
i n t e g r a t e d  o p t i c  c o m p o n e n t s :  w a v e g u i d e  l e n s e s  [ 3 . 4 0 ] ,  f o c u s i n g  g r a t i n g  c o u p l e r s  [ 3 . 4 1 ] ,
[ 3 . 4 2 ] ,  i n t e g r a t e d  p h o t o d e t e c t o r s ,  d e v i c e s  f o r  W D M  a p p l i c a t i o n s ,  o p t i c a l  d i s k  p i c k u p  
d e v i c e s  [ 3 . 4 0 ] ,  l a s e r s  [ 3 . 4 3 ] ,  a n d  s e n s o r s  [ 3 . 4 4 ] .
T h e  g r a t i n g  a s  a  c o u p l e r  w a s  f i r s t  p r o p o s e d  b y  D a k s s  a t  a l . ,  [ 3 . 4 5 ]  i n  1 9 7 0 .  T h e  
w a v e g u i d e  m e d i u m  w a s  d e n s e  f l i n t  g l a s s  f i l m  w i t h  a  t h i c k n e s s  o f  0 . 8 1 p m  a n d  a  r e f r a c t i v e  
i n d e x  o f  1 . 7 2 .  T h e  s u b s t r a t e  w a s  g l a s s  w i t h  a  r e f r a c t i v e  i n d e x  o f  1 . 5 1 5 .  T h e  g r a t i n g  w a s  
f o r m e d  f r o m  S h i p l e y  A Z - 1 3 5 0  p h o t o r e s i s t  b y  a  4 8 8 n m  l a s e r  i n t e r f e r o m e t e r  f r i n g e  p a t t e r n ,  
a n d  b y  s u b s e q u e n t  d e v e l o p m e n t .  T h e  p e r i o d i c i t y  o f  t h e  g r a t i n g  w a s  6 6 5 n m .  T h e
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m a x i m u m  i n p u t  c o u p l i n g  e f f i c i e n c y  w a s  4 0 %  ( w i t h  5 %  u n c e r t a i n t y )  f o r  / l = 6 3 2 . 8 n m  a n d  
T E  p o l a r i s a t i o n .  T h e  a u t h o r s  d i d  n o t  r e p o r t  t h e  o u t p u t  c o u p l i n g  e f f i c i e n c y .  T h e y  b e l i e v e d  
t h a t  t h e  c o u p l i n g  e f f i c i e n c y  c o u l d  b e  m a x i m i z e d  b y  c h o o s i n g  t h e  b e a m  d i a m e t e r  a n d  
c o u p l i n g  l e n g t h  a p p r o p r i a t e l y ,  o r / a n d  b y  u s i n g  a  b l a z e d  g r a t i n g .
F r o m  1 9 7 1  t o  1 9 7 6  m o r e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o n  g r a t i n g  c o u p l e r s  
w e r e  c a r r i e d  o u t  b y  o t h e r  r e s e a r c h e r s  [ 3 . 4 6 ] ,  [ 3 . 4 7 ] ,  [ 3 . 4 8 ] ,  [ 3 . 4 9 ] ,  b u t  s i m p l e  d e s i g n  
c r i t e r i a  w e r e  n o t  r e p o r t e d  u n t i l  1 9 7 7 ,  w h e n  T a m i r  a n d  P e n g  p u b l i s h e d  a n  a n a l y s i s  b a s e d  
o n  i m p r o v e d  p e r t u r b a t i o n  t h e o r y  [ 3 . 7 ] .  P r e v i o u s  p e r t u r b a t i o n  p r o c e d u r e s  [ 3 . 4 8 ] ,  [ 3 . 5 0 ]  
h a d  g i v e n  a p p r o x i m a t e  r e s u l t s ,  b u t  m o s t  o f  t h o s e  h a d  b e e n  r e s t r i c t e d  e i t h e r  t o  g r a t i n g s  
h a v i n g  s h a l l o w  d e p t h  o r  t o  s p e c i a l i z e d  a p p l i c a t i o n s .  T h e  a u t h o r s  s t a t e d  t h e i r  a p p r o a c h  
c o u l d  b e  a p p l i e d  t o  a r b i t r a r y  g r a t i n g  p r o f i l e s  ( r e c t a n g u l a r ,  b l a z e d  ( a s y m m e t r i c  t r i a n g u l a r ) ,  
a n d  t r a p e z o i d a l ) ,  a n d  g r a t i n g  d e p t h s .  T h e i r  a n a l y t i c a l  f o r m u l a t i o n  o f  t h e  e l e c t r o m a g n e t i c  
f i e l d s  c a n  b e  v i e w e d  i n  t e r m s  o f  e q u i v a l e n t  t r a n s m i s s i o n - l i n e  n e t w o r k s  t h a t  l e n d  
c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  w a v e - c o u p l i n g  m e c h a n i s m .  T h e s e  n e t w o r k s  e n a b l e  o n e  t o  
a s s e s s  t h e  r o l e  o f  e a c h  g r a t i n g  p a r a m e t e r  a n d  t o  p r e d i c t  t h e  c h a n g e  i n  c o u p l i n g  
p e r f o r m a n c e  w i t h  v a r i a t i o n s  o f  t h e  p a r a m e t e r s .
T h e  a n a l y s i s  w a s  r e l i a b l e  f o r  t h e  g r a t i n g  h e i g h t  tg<0Atf, w h e r e  tf i s  t h e  w a v e g u i d e  
t h i c k n e s s .  F o r  d e e p e r  g r a t i n g s  t h e  d i f f e r e n c e  b e t w e e n  t h i s  m e t h o d  a n d  e x a c t  m e t h o d s  c a n  
a p p r o a c h  1 0 0 % .  A l t h o u g h  t h e  l e a k a g e  w a s  a l s o  c a l c u l a t e d  f o r  a s y m m e t r i c  g r a t i n g s  t h e  
e x p l i c i t  m a t h e m a t i c a l  m o d e l s  w e r e  n o t  g i v e n .  I n s t e a d ,  a p p r o x i m a t i o n s  a n d  a n a l o g i e s  w i t h  
t h e  r e c t a n g u l a r  g r a t i n g  w e r e  u s e d .  I n  c o n c l u s i o n ,  t h i s  w o r k  w a s  v e r y  i m p o r t a n t  b e c a u s e  i t  
g a v e  t h e  m o d e l  a d e q u a t e  f o r  p r a c t i c a l  d e s i g n  p u r p o s e s  a n d  s e t  t h e  f o u n d a t i o n  f o r  f u r t h e r  
i n t e n s i v e  i n v e s t i g a t i o n  a n d  f a b r i c a t i o n  o f  t h e  g r a t i n g  c o u p l e r s .
I n  t h e  m e a n t i m e ,  A o y a g i  a n d  N a m b a  p r o d u c e d  b l a z e d  g r a t i n g s  i n  G a A s  i n n o v a t i v e l y  
u s i n g  A r g o n  ( A r )  i o n  e t c h i n g  a t  a n  a n g l e  6  ( s e e  F i g u r e  3 . 2 4 )  [ 3 . 5 1 ] ,  B l a z e d  t r i a n g u l a r  
g r a t i n g s  c o u l d  b e  o b t a i n e d  a t  9> 4 5 ° .  I n  o r d e r  t o  g e t  a  h i g h  b l a z e d  a n g l e  i t  w a s  i m p o r t a n t  
t h a t  t h e  e t c h i n g  r a t e  o f  t h e  s u b s t r a t e  w a s  m u c h  l a r g e r  t h a n  t h a t  o f  t h e  m a s k .  I n  t h e  c a s e  o f  
G a A s ,  t h e  e t c h i n g  r a t e  w a s  m u c h  l a r g e r  t h a n  t h a t  o f  A Z  1 3 5 0  p h o t o r e s i s t  s o  t h e  h i g h  
b l a z e d  a n g l e s  s u c h  a s  2 6 °  c o u l d  b e  e a s i l y  o b t a i n e d .  M a x i m u m  e t c h i n g  r a t e  w a s  o b t a i n e d  
f o r  # = 6 0 ° .  H o w e v e r ,  t h e  a u t h o r s  c o u l d  n o t  g e t  p u r e l y  b l a z e d  g r a t i n g s  b e c a u s e  t o p  e d g e s  
w e r e  q u i t e  r o u n d e d .  T h i s  s u g g e s t s  t h a t  t h e y  s h o u l d  h a v e  u s e d  r e d u c e d  e t c h i n g  t i m e  o r  a  
t h i c k e r  p h o t o r e s i s t .
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In 1980 Matsui at al., obtained silicon dioxide blazed gratings with a period o f  480nm  
using CF4 reactive ion etching (RIE) [3.52]. The blaze profile was poor due to the fact 
that the difference o f  the etch rate between the photoresist mask and S i0 2 was very small 
(<50A/min). The ion beam angle was 75° and this resulted in S i0 2 blaze angle o f 4°. The 
grating depth was small (« 1 0 0 n m ). Diffraction efficiencies were not reported in this 
paper.
hot cathode
Figure 3.24. Schematic diagram o f the ion beam apparatus used by Aoyagi and Namba [3.51]
Assessing the overall importance o f  interference effects in single grating geometries by  
evaluating the performance o f  grating output couplers in three different waveguide 
systems (glass waveguide, GaAs-based waveguide, and an SOI structure) was performed 
by Emmons and Hall [3.53], [3.54]. They analysed the structures for varying guiding- 
layer thicknesses using a convergent Bloch-wave method for TE-polarized light. The 
guiding layer was nearly an integral multiple o f a half-wave thickness and the buried 
layer was nearly an odd multiple o f  a quarter-wave thickness. The cover coupling 
efficiency was maximized using a simplex-type optimization algorithm that changed the 
layer thicknesses and a secant-type root search algorithm that simultaneously changed 
grating period to maintain constant coupling angle. The SOI structure showed extremely 
strong interference effects (Figure 3.25). To control the coupled power to within 5% o f  
the designed value, the guiding layer thickness variations should be less than 8nm. The 
authors explained that a high efficiency could be obtained because the guided wave
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encountered a high reflectivity from the Si0 2  layer and the reflected wave from the oxide 
layer interfered constructively with the incident guided wave, which was then outcoupled 
towards the cover. It was also shown that the tolerances o f  the layer thicknesses were 
bigger when the coupling beam angle was close to nonnal. This was due to a smaller 
variation o f  interface reflectance in the waveguide (Fresnel reflection). In all calculations 
it was assumed that the losses o f the waveguides were negligible. Unfortunately, in both 
papers the authors analysed only sinusoidal grating profiles.
0.5 1.0 1.5
SiO? Th'ckness, (pm) St Film Thickness. t( him)
Figure 3.25. Cover and substrate coupling efficiencies o f a SOI structure 
versus Si02 and Si layer thichiesses, respectively [3.54]
Blazed gratings can also be fabricated by electron-beam (e-beam) writing [3.55] that 
produces not only a high lateral resolution but can also achieve a precise depth 
modulation. There are two methods o f  e-beam writing. The first method is known as 
"fixed dose per pixel, multiple pass" where the electron dose distribution is given by the 
number o f times the beam scans the same position. With this method, there is no 
limitation in the number o f  multiple exposures, but it requires a longer overall exposure 
time. The second method is referred as "variable dosage per pixel, single pass". The 
electron dose distribution in this method is generated by the variation o f the dose value 
defined for each position. This was demonstrated by Stauffer at al., [3.55]. Due to internal 
limitations o f  the system, only eight dose values were possible. However, the overall 
exposure time was reduced comparing to the first method. The authors demonstrated 
successful fabrication o f  blazed gratings in PMMA. The gratings had a period o f  800nm. 
A  beam current o f  InA and a spot diameter o f about 170nm were used, and the writing 
time for lx lm m  area o f the grating was 5min. A  minimum grating period o f  600nm and 
a maximum profile depth o f  1 \xm were obtained. An experimental diffraction efficiency 
o f  75% was reported for the blazed grating with 900nm period and for 633nm He-Ne
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laser. However, the diffraction order, the diffraction angle, and the polarisation were not 
mentioned.
There is a technique, which is very efficient for the fabrication o f  sawtooth blazed 
gratings. It is the anisotropic wet chemical etching, used for example in [3.56]. 
Submicrometer gratings were embossed on masked Si substrates by a standard 
holographic lithography technique with a He-Cd (325nm) laser source. A 50nm layer o f  
Si3N4 and a lOnm layer o f  S i0 2 were sequentially deposited upon the Si substrates by low  
pressure chemical vapour deposition, to serve as the etch mask during the grating 
fabrication. After the photoresist was exposed and was developed, the interferometric 
pattern was etched into the mask by reactive ion etching (RIE) in a CHF3/02 plasma. Care 
was taken to ensure that the interferometric pattern was etched all the way down to the Si 
substrate. Preferential etching was then earned out in a 45% KOH solution at 70°C. 
Silicon blazed gratings fabricated by this technique had an almost right-angled blazed 
profile, unlike those fabricated by e-beam lithography or ion beam techniques. They had 
periodicities in the 0.25-0.75 jam range. Unfortunately, the technique is restricted to 
certain crystalline structures, for example <211> oriented Si.
Ang at al., reported the first experimental evaluation o f the effect o f  grating height upon 
the output efficiency o f  symmetric grating couplers (Figure 3.26) as predicted using 
perturbation theory [3.57]. The experimental data were close to the theoretical curve 
obtained with the perturbation analysis, although it seems that the theoretical curve is 
slightly higher than it should be. The more accurate theoretical curve would give a better 
distribution o f the experimental points with respect to the curve. The maximum grating 
output efficiency measured was 70%, which is the highest efficiency yet reported for a 
SOI waveguide grating coupler. Such high output efficiency was the result o f  
optimisation o f  the layer thicknesses. It was also shown that by further optimisation o f  the 
film thickness and grating height the efficiency could be increased. The devices were 
fabricated in Unibond SOI.
The same group designed and fabricated asymmetrical Si-blazed gratings [3.58]. The 
period o f  the gratings was 383nm (Figure 3.27). They used Unibond again and 
implemented angled ion-beam etching. Prior to device fabrication, SOI wafers were first 
RCA cleaned and then a 200mn thick layer o f  Si3N 4 was deposited on the wafers by low  
pressure chemical vapour deposition. Rectangular gratings were formed in the Si3N 4 mask
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by electron beam lithography, followed by reactive ion etching. The wafers were then dry 
etched with Ar in an ion-beam miller chamber, in which the wafers were tilted at the 
angle o f  70°. The output efficiency and directionality towards the substrate o f the gratings 
were 84% and 87%, respectively. These are the highest values yet reported for SOI.
Figure 3.26. SEM photograph o f a Unibond SOI grating coupler [3.57]
2 6 , 3KX uo 8 • eae i ea p  < e a e n
1UN —
Figure 3.27. Blazed grating with 383nm pitch, fabricated in Unibond SOI [3.58]
A short second order grating, etched in GaAs was used to couple a 240nm thick 
waveguide with an optical fibre [3.59] and is shown in Figure 3.28 (R is the reflection at 
the waveguide grating interface, and T  is the transmission through the grating to the 
right). The second order grating is easier to fabricate than the first order one, because o f  
larger grating period (around 580nm). The grating was shallow (50-1 OOnm) and short 
having approximately 20 periods.
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Maximum calculated coupling efficiency to the fibre was 20% for TE polarisation at the 
wavelength o f  1550nm. The oxide thickness o f 700nm or 1200nm gave maximum 
efficiency due to interference between the direct upward wave and the reflection at the 
oxide/substrate interface. The bandwidth was rather flat and large (90nm for the etch 
depth o f  65nm).
£  240nm GaAs 
t oxide
Figure 3.28. Out-of-plane grating coupler [3.59]
To reduce R and T  the authors proposed a structure consisting o f  the grating coupler 
section and a first-order grating reflector, which had the same etch depth as the coupler 
and was patterned next to the coupler. Maximum coupling efficiency obtained was 38%. 
This result was improved by the addition o f a distributed Bragg reflector under the 
waveguide, reducing coupling to the substrate. Because o f  the large index contrast 
between GaAs and A10x the reflector consisted o f  only two mirror pairs. The overall 
theoretical coupling efficiency was 74%. The fabricated device had, however, an 
efficiency o f just 19% for coupling from a fibre to the waveguide. The opposite case 
would give even worse results.
It can be seen that this grating coupler can, in principle, be used for coupling an optical 
fibre with a thin semiconductor waveguide. Nevertheless, the coupling efficiency is quite 
poor and fabrication complex. The reflector cannot be fabricated in an SOI structure. Last 
but not least, the coupling efficiency depends significantly on incident angle and beam 
shape.
3 .4  G r a t i n g - a s s i s t e d  d i r e c t i o n a l  c o u p l e r s
Grating-assisted directional couplers (GADCs) are basic guided-wave components in 
distributed feedback [3.60], and distributed Bragg reflector lasers [3.61], in optical
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wavelength filters [3.62], [3.63] and in wavelength division multiplexing devices. A  
typical GADC is shown in Figure 3.29, and consists o f two waveguides, a and b, a grating 
region and a separation layer (with height h\ and refractive index n{). The purpose o f  this 
coupler is to enable power transfer from one waveguide to another, over a minimum 
grating length and with maximum efficiency.
Figure 3.29. Grating-assisted directional coupler
GADCs have been the object o f  great research interest since 1970s. The papers published 
in that period set the basis for future fruitful investigations during the 1980s and 1990s. 
Yariv [3.1], [3.64] introduced the coupled mode approach, while Neviere at al., [3.65],
[3.66] and Peng at al., [3.67] developed exact solutions o f  M axwell’s equations for 
rectangular grating profiles that involved differential equations. Following this work 
Chang at al., succeeded in developing a unified form that could treat both TE and TM 
polarisations [3.68].
One o f  the assumptions for the conventional Coupled Mode Theory (CMT) is that the 
waveguide modes are orthogonal to each other. The orthogonality relation between two 
waveguide modes is
e 2  jJ(E/x E tM)dxdy = 0 for (3V + (3.2)
—00
where E,v and are transverse components o f  the electric fields, and ez is the unity 
vector parallel with z-axis. Orthogonality shows that the power flow in a lossless 
dielectric waveguide is the sum o f  the power earned by each mode individually. This
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approximation was considered to be acceptable and was taken for granted until Hardy and 
Streifer in 1985 suggested a modified coupled mode formulation in which non­
orthogonality was considered [3.69]. They presented the derivation and results for a new  
coupled mode formulation for coupling between parallel waveguides. They retained the 
radiation modes in the derivation and neglected them only after their influence was 
determined. In that way they obtained unambiguous formulas for propagation constants 
and coupling coefficients that were more accurate than those previously published, in 
some cases by as much as 30%. The increased accuracy was particularly significant for 
coupling between nonidentical waveguides.
For coupling between identical waveguides kab, the coupling coefficient for power 
transfer from guide b to guide a , is identical to kba> whether or not the system has loss. For 
nonidentical waveguides this is not the case. These coefficients had previously been 
related by their complex conjugate 1 but that was incorrect The authors explained reasons 
for this conclusion: 1) the overlap integral had not been calculated over all space, 2) kab 
contained A / a\  while kba contained A db) (perturbations to waveguides a and b) and these 
perturbations were different for nonidentical waveguides, 3) modes o f  the two individual 
waveguides had been implicitly assumed orthogonal, and 4) the effect o f radiation fields 
in the derivation had been disregarded. They also showed, without violation o f  energy 
reciprocity, that these coefficients greatly differed in case o f  dissimilar waveguide 
coupling. They did not, however, establish the self-consistency o f  their formulations by 
demonstrating the power conservation for a lossless system. The self-consistent 
nonorthogonal coupled mode formulations for the parallel coupled waveguide systems 
were developed later by Haus and co-workers [3.70], Chuang [3.71], and Hardy and 
Streifer [3.72]. There were some minor discrepancies among their formulations, but it was 
shown [3.73] that these differences were subtle theoretically but o f  little practical 
significance.
Snyder at al., raised criticism about the validity and accuracy o f  the new nonorthogonal 
CMT [3.74], [3.75]. They showed that the nonorthogonal formulations could lead to 
erroneous results for the coupling length o f  the TM modes o f  parallel slabs when the 
index discontinuity is large. This finding was somewhat unexpected, hi both the 
nonorthogonal and the conventional orthogonal coupled mode formulations, the same trial 
solution, i.e., the superposition o f  the waveguide modes, is utilised. It appears that the 
nonorthogonal CMT contains fewer approximations and should be more accurate than the
69
3 Input and Output Couplers
conventional one, which, actually, can be derived from the former under certain 
conditions. This paradox puzzled many researchers and triggered a series o f  debates. 
After a few years, the conclusion was as follows: Under the scalar approximation and for 
synchronized waveguides, the nonorthogonal CMT is necessary for accurate effective 
indices o f the normal modes when the two waveguides are strongly coupled. On the other 
hand, for weakly coupled waveguides the coupling length, and therefore the power 
exchange between the waveguides, may be described by the conventional orthogonal 
CMT, and the more complicated nonorthogonal CMT may not be necessary. Strictly 
speaking, both formulations are valid only for weakly coupled waveguides, although the 
improved CMT is indeed more accurate for weakly guiding waveguides under the scalar 
approximation. The coupling length predicted by conventional CMT is more reliable than 
the one given by nonorthogonal CMT when the index difference is large. However, this 
does not lead to the conclusion that the conventional CMT is reliable for strongly guiding 
structures. As far as the propagation constants and the field pattern are concerned, neither 
the conventional nor the improved CMTs are reliable, and more accurate trial solutions 
are needed.
Marcatili described anew  relationship between coupling coefficients kab and kba [3.76]:
^  = cS  + J l  + f t f  (3.3)
h a
In this equation c is “butt coupling coefficient” between fundamental modes o f two 
waveguides, and also a measure o f  the proximity o f  the guides. Parameter S  is a measure 
o f  the synchronism between the two individual guides and is given by
j? _  Pa~ Pb 
2 V kab h a
If the guides are close to synchronism (#-+0) or they are widely separated (ch>0), or both 
so that cS-*0, then and only then does the ratio between the coupling coefficients 
approach unity, and coupled mode equations that contain the ratio yield good results. 
Nevertheless, Marcatili started the derivation with the scalar wave equation instead o f  the 
more precise vector wave equation, so Hardy and Streifer’s theory would give better 
results for couplers with relatively large changes o f  refractive index and/or guides very 
close to each other.
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Marcuse [3.77] used compound modes o f  the structure to describe the directional coupler. 
These modes are mutually orthogonal unlike the interacting modes o f  each individual slab 
that are not orthogonal once the two slabs are placed in close proximity to each other. Use 
o f  these compound modes complicated the mathematical description o f  the coupler. In 
order to get closed-form analytical expressions for the coupling coefficients, Marcuse 
used an approximate approach, that is a system o f  coupled differential equations for the 
amplitudes o f the modes o f the individual slabs. However, this approximation yielded 
only an order o f  magnitude estimate.
Huang and Haus, using a nonorthogonal coupled mode formalism [3.78], obtained an 
essentially new result for the power coupling in a directional coupler (Figure 3.30). They 
found that the output coupling was an oscillatory function o f  coupling length. This 
corresponds to the change o f  the mode patterns via the acquisition o f  spatial harmonics. 
This finding contradicted the notion, derived from the standard coupled mode theory o f  
that time, that complete power transfer occurs at “synchronism”, even when synchronism 
is achieved via the spatial harmonics produced by gratings. Complete transfer occurs only 
in weakly coupled structures. When the coupling is strong, the modes acquire spatial 
harmonics, or periodicity equal to that o f the periodic structure. This periodicity o f  the 
field pattern manifests itself in the periodicity o f  the overlap integral, and hence in the 
oscillatory character o f  the power transfer. Therefore, the coupling length does not in 
general represent the length for complete power transfer between the waveguides. In 
Figure 3.30 the oscillatory character o f  maximum power transfer as a function o f  the 
spacing separation 2S, for two different cases, is shown. The upper graph corresponds to 
the upper coupler («i=1.0, 722=3.3, 723= 3 .2 , 724=3.5,725=3.0, c/i=lpm, d i - 0.3pm, 2=1.5pm, 
/?=0.1 pm) while the lower graph corresponds to the lower coupler (721=723=725= 3 .2 , 
722=3.25, 724=3.23, d\=d2=l\xm, 2=1.5pm, /z=0.1pm). It is evident that the output is more 
oscillatory in the second coupler, which is strongly coupled. The grating period, coupling 
length and maximum power exchange were calculated for TE modes.
The prediction o f the grating period was better than for the coupling length. This is 
because propagation constants, required for determination o f  the grating period, in 
coupled mode formalism, are variational, i.e., insensitive to errors in the trial solution 
(uncoupled modes), whereas the coupling length is not. Therefore, the accurate values for 
the propagation constants, required for accurate calculation o f  grating period, are more 
easily obtained.
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In 1989, Alfemess and co-workers demonstrated, for the first time, an efficient, wave 
selective, grating-assisted forward coupling between nonidentical InGaAsP waveguides 
on InP (Figure 3.31) [3.79]. A filter 3dB bandwidth (FWHM -  full width at half 
maximum) was 6.5nm (centred at 1.51pm), and measured coupled efficiency for TE 
polarisation 65% (Figure 3.32). The grating had a length o f 1mm and period A  o f  14.4pm, 
while the grating depth was 60nm. The lower waveguide consisted o f a 0.3pm thick 
InGaAsP 1.3pm band gap core layer and a 0.5pm thick 1.1pm band gap grating layer. 
The upper waveguide was a 1.1pm band gap quaternary layer o f  0.2pm thickness. The 
high index regions were clad symmetrically by InP.
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Figure 3.30. Schematic o f two grating-assisted couplers and corresponding power transfers 
between tw>o guides as functions o f the spacing separation [3.78]
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Figure 3.31. Schematic o f grating-assisted vertical directional coupler filter 
fabricated by Alfemess and co-workers [3.79]
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The 1.1pm band gap grating layer above the 1.3pm core waveguide layer (Figure 3.31) 
was utilised to extend the modal field centred on the lower guiding layer into the grating 
layer, while keeping the most o f  its energy in the lower layer. This design provided a 
strong coupling coefficient.
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Figure 3.32. Measured interwaveguide coupling efficiency vs wavelength [3.79]
The filter response for TM polarisation was shifted to shorter wavelength by 30nm. By  
electrooptical change o f  the effective index o f ~0.05%, the filter centre wavelength 
shifted by ~10nm. This was much better value in comparison with contradirectional 
filter’s ~0.6nm range. In order to assess the potential o f  this filter as an intercavity laser 
element, it would have been important to know the losses, which the authors, 
unfortunately, did not report.
The reason why the coupling efficiency in [3.79] was just 65% was explained by Griffel 
and Yariv [3.80]. They presented a study o f  the spectral properties o f the grating-assisted 
codirectional coupler using an improved coupled mode formulation [3.81]. They found 
that the full coupling length o f the device above should be in the range 2.8-3mm, but the 
fabricated length was only lim n. They also calculated that in order to obtain a centre 
wavelength o f  1.5pm a grating period o f  A=13.9pm rather than 14.4pm should have been 
used.
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Two years later wavelength demultiplexing in the 800nm wavelength region was reported
[3.62]. Grating-assisted vertical codirectional coupling with different grating periods was 
used. A filter bandwidth as narrow as 3nm and interwaveguide coupling efficiency o f  
95% with a coupling length, o f  only 430pm were achieved. Grating depth was 85mn. 
Using AlGaAs/GaAs multiquantum well waveguides, grown by MBE, crosstalk 
suppression in excess o f  lOdB with a wavelength spacing o f 4mn were demonstrated 
(Figure 3.33). Approximate calculations showed that centre wavelength could be tuned by 
~15nm with an index change o f  0.1% by applying a voltage over an upper MQW  
waveguide. Again, the loss measurement was not given.
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Figure 3.33. Measured filter response o f the AlGaAs/GaAs MQWfilters 
for TM-polarised light (A is grating period) [3.62]
An approach for calculating power leakage in the transverse direction, and for quantifying 
other fme-structure aspects o f  the grating diffraction process developed by Peng at al.,
[3.67] was extended by Zhang and Tamir [3.82], [3.83]. They have developed a rigorous 
approach that can be used for a wider class o f  geometries. In particular, it provides a 
systematic procedure for theoretically exact evaluations o f  radiation leakage, power 
coupling, and local field magnitude and phase. It has revealed that the conventional 
phase-matching condition [3.77] may not offer the best choice for optimal transfer o f  
power in grating-assisted couplers. The authors found that power transfer effectiveness, o f  
the same grating-assisted coupler investigated by Marcuse, could be improved to 
approach 100%. More importantly, they found that even a slight increase in power 
transfer efficiency could beneficially reduce the sensitivity o f power transfer with respect
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to changes in the grating length. As a result, power transfer could be both maximized and 
rendered less sensitive to grating length.
An interesting comparison between two methods, the leaky mode propagation (LMP) 
method and the Transfer Matrix Method (TMM), was given by Passaro and Armenise
[3.84]. The TMM had been previously applied in [3.85] for analysis o f  power coupling 
and scattering in the GADC. The grating loss had been assumed to be due to scattering at 
the grating transverse interfaces and had been calculated by overlap integrals between the 
field distributions o f different local modes. However, this assumption gave accurate 
results only for substantially weak grating perturbations, as occurs in CMT approach.
The LMP method, applied by Passaro and Armenise, was based on the work o f  Peng at 
al., [3.67]. The composite mode o f  the structure is expanded in an infinite number o f  
spatial harmonics, due to the presence o f  the grating. The power carried by each harmonic 
is partially guided in the external semi-infinite regions, i.e., superstate and substrate. The 
power exchange between each pair o f spatial harmonics is governed by the Floquet-Bloch 
theorem (see section on FBT in chapter 4). By solving the M axwell’s equations in each 
region and applying the continuity conditions at the boundaries between different layers, 
the authors found a rigorous solution o f  the electromagnetic problems in terms o f  leaky 
modes propagating along the GADC. This rigorous approach allowed calculation o f the 
radiation loss o f  the whole structure with high accuracy.
In Figure 3.34 the power attenuation calculated by using TMM and LMP methods is 
shown for TE and TM polarised modes. The LMP curves show a lower value o f  
attenuation than TMM ones, since the loss calculated by TMM is generally 
overestimated. This is result o f  the assumptions that the reflected guided power is 
negligible at each transverse interface and that all the optical loss due to field distribution 
mismatch is earned in the external regions. These assumptions are not valid with 
increasing the grating height, since a non negligible fraction o f  the optical power 
diffracted at the grating interfaces is guided and travels along both the positive and 
negative propagation directions. Therefore, for very small grating depth, the radiation loss 
increases with the depth, and can be calculated with reasonable accuracy (<15%) by 
TMM. For larger grating height, a saturation region can be observed from the LMP 
curves, in which interference o f  the fields reflected at the upper and lower interfaces o f
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the grating gives rise to a weak periodic fluctuation o f  the radiation loss with grating 
height. This important result cannot be achieved by TMM.
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Figure 3.34. Power attenuation coefficient as a function o f the grating height as calculated 
by TMM and LMP methods for TE and TM polarisations [3.84]
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Figure 3.35. Polymer-semiconductor coupling structure [3.86]
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In 1998, Borges and Herczfeld investigated a highly asymmetric coupler consisting o f  a 
thick polymer and a thin GaAs waveguides (Figure 3.35) [3.86]. In Figure 3.35a a single 
mode fibre is utilised as excitation o f  the polymer waveguide (/zi=l .54, /72= 1 .5 6 ,773=1.54), 
while in Figure 3.35b a monolithically integrated semiconductor laser excites the 
semiconductor Gao.6Alo.4As/GaAs/Gao.4Alo.6As waveguide (774=3.1989, 775=3.4092,
776=3.0987). The thicknesses o f  the layers are: t\=oc, £2=2.5pm, /5=0.32pm, tc=oz. The 
authors introduced an extended coupled-mode approach, formulated in terms o f Lorentz 
reciprocity theorem, and used it for a numerical analysis. Three major loss mechanisms 
were included: radiation modes, leaky modes and grating radiation loss.
For the excitation from a single mode fibre, maximum coupling efficiency to layer 5 o f  
10.7% was achieved for /3= 1.5pin, /4=0.5pm, and grating height o f  77g=80mn. The 
coupling length was L=2.87mm. For the excitation from an integrated semiconductor 
laser, maximum efficiency to layer 2 o f  19% was obtained for /3=1.5pm, /4=1.0pm and 
i7g=10nm. The improvement was the result o f  reduction in the loss to radiation modes. 
Still, the maximum coupling efficiency obtained was quite low.
A  few months later, Butler at al., presented a new architecture o f  an integrated grating- 
assisted directional coupler (see Figure 3.36) [3.87], One waveguide is a III-V 
semiconductor material guide with refractive index o f «3.2, while the second is a glass 
waveguide (refractive index «1.45). For properly designed glass waveguide more than 95 
percent butt coupling efficiency between the waveguide and a single mode fibre without 
external optics can be produced. The height o f  the glass bottom cladding was 1.0pm, o f  
the glass waveguide 5.0pm, and o f  the glass top cladding 3.0pm. The semiconductor 
waveguide consisted o f  seven layers with total thickness o f 0.3 pm. Thicknesses o f  the 
grating layer, spacer (layer between the grating and semiconductor waveguide layers), 
and substrate cladding were 0.287pm, 0.3175pm, and 1.0pm, respectively. Unlike typical 
GADCs, where the power exchange between the two waveguides occurs via bound 
modes, this LM-GADC (leaky-mode grating-assisted directional coupler) exchanges 
power between waveguides using a bound mode o f  the semiconductor waveguide and the 
(fundamental) leaky mode o f  the silica waveguide. The high index difference between the 
two guides causes the mode o f  the glass waveguide to leak energy into the semiconductor 
substrate. This results in attenuation o f  the glass waveguide mode.
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Figure 3.36. The cross section o f an integrated semiconductor-glass waveguide 
analysed by Butler at al, [3.87]
As CMT cannot be used for investigation o f  such a structure with interacting leaking 
modes, the authors used Floquet-Bloch theory [3.88]. They earned out thorough analysis 
o f  the coupler. While GADCs examined earlier could transfer almost 100% [3.82], [3.78],
[3.89] o f  its power from one waveguide to another, this LM-GADC had maximum 
efficiency o f  just 40%, as shown in Figure 3.37. The major reason for this difference is 
due to the fact that the LM-GADC has more radiation loss and the corresponding modal 
attenuation plays a dominant role in determining the optimum transfer length (that was 
1.25mm). In addition, the coupling efficiency is extremely sensitive to grating period 
changes. If the grating period decreases by just 0.4nm from the optimum value (865.7nm) 
coupling efficiency will decrease by more than 50% to less than 20% (Figure 3.37).
The same group reported that the coupling efficiency could be increased to 70% by using 
3 reflective stacks in the substrate, comprising a total o f 62 thin layers, each different 
from its neighbour in refractive index [3.90]. The stack was designed to reflect radiating 
leaky space hannonics.
In conclusion, the work o f Butler and co-workers has shown that it is difficult to 
efficiently couple two very different waveguides such as a thick glass waveguide and a 
thin semiconductor waveguide. The difference in refractive index and dimensions are too 
large to achieve high efficiency even with the aid o f a grating.
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Figure 3.37. The coupling efficiency as a function o f propagation distance [3.87]
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Figure 3.38. Coupling length versus grating depth for different grating profiles 
and for LMP, CMT and TMM approaches [3.91]
Using the LMP method he had already implemented [3.84], Passaro investigated the 
influence o f grating period and grating index profile on the design o f  InP-InGaAsP-InP- 
InGaAsP-InP GADCs [3.91]. It was demonstrated that rectangular profile is the best 
choice for minimizing the coupling length at the expense o f  a large radiation loss and
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reduced coupling efficiency. Figure 3.38 shows coupling length as a function o f grating 
depth for different grating profiles. The GADC parameters were: /io=3.18, nb=3.282, 
hi=3.18, na=3.282, ns=3A8, hb=0.2pm, /7fl=0.9238pm -///2, /zi=1.5pm, H  ranging from
0.01 to 0.15pm (refer to Figure 3.29). Predictions o f  coupling length by CMT and TMM 
are almost identical and strongly underestimate the length for both shallow and deep 
gratings (Figure 3.38). It can be seen that a GADC with an optimised rectangular profile 
(0.42 duty ratio) has the lowest coupling length (squared boxes in Figure 3.38). As far as 
the coupling efficiency is concerned, this grating has almost the same efficiency as the 0.5 
duty cycle grating (ranging from almost 100% to 91%), and up to 8% lower efficiency 
compared to the grating with a sinusoidal profile. Efficiencies calculated by CMT and 
TMM were much lower, o f  the order o f  60%.
Figure 3.39. Vertical structure o f the grating-assisted ARROW coupler [3.92]
The most successful experimental result for a directional grating coupler in SOI has been 
recently obtained by Orobtchouk at al., [3.92]. They used an AntiResonant Reflection 
Optical Waveguide (ARROW) made o f  silica to couple light to thin silicon waveguide 
(Figure 3.39). Light from an optical taper fibre is first injected in the cap S i0 2 ARROW  
layer. Based on antiresonant reflection rather than total internal reflection, the ARROW  
waveguide can be designed to carry leaky modes with relatively low losses. The effective 
index o f  the mode and its width are similar to the fibre mode. Therefore, the facet
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reflectivity is about 2%. Light is then coupled to thin silicon layer by a grating fabricated 
at the interface o f the cap S i0 2 layer and the top Si layer o f  the SOI structure.
The loss o f the ARROW waveguide as a function o f the silicon film thickness is shown in 
Figure 3.40. A minimum is obtained for a 0.31pm thick silicon film and losses are less 
than ldB/cm  for a 3 pm thick cap layer. It can be seen that the loss is very dependant on 
the silicon film thickness.
0,1 0,3 O.S 0,7
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Figure 3.40. Loss o f the ARROW mode versus silicon waveguide thickness 
for different Si02 cap layer thiclmess [3.92]
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Figure 3.41. Experimental coupling efficiency response o f ARROW coupler 
versus the wavelength [3.92]
For optimum values o f  the grating period (/l=0.73pm ), coupling length (L=150pm) and 
thicknesses, the theoretical maximum coupling efficiency was 74%. The maximum 
measured value was 50%. All design and measurements were performed at the 
wavelength o f 1.3 pm. The resonant peak was close to 1312nm and FWHM was about
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3nm (Figure 3.41). Polarisation was not mentioned, but it is known that ARROW  
waveguides and grating-based couplers are polarisation dependant devices. The authors 
also did not give grating height in the paper.
It is highly unlikely that this approach could be implemented for 1550mn wavelength. 
This wavelength would require a thicker buried oxide layer for the ARROW waveguide 
and the insertion loss would be significantly higher. Although the device had just one 
grating, the fabrication was quite complex.
3 .5  S u m m a r y
High-index-contrast material systems, such as SOI, offer strong light confinement in 
small dimensions, which enables miniaturisation o f  functional optical components. As 
miniaturisation in integrated optics, as in microelectronics, brings a number o f advantages 
(dense integration, faster devices, smaller power consumption and power dissipation etc), 
there is a need for coupling light to/from very thin semiconductor waveguides with 
thicknesses o f  the order o f  lOOnm. However, it is difficult to efficiently couple light from 
optical fibres to such waveguides, because o f  the great difference between a fibre and a 
semiconductor waveguide in terms o f  both dimensions and refractive indices.
Techniques that deal with free space beams (prism and grating couplers for example) are 
very dependent on beam shape and angle o f  incidence, and require additional optical 
components. Non-integrated solutions improve the coupling efficiency, but often do so at 
the cost o f  difficult alignment requirements. Tapered waveguide transitions offer 
monolithically integrated means o f  coupling, but most o f  these approaches have rather 
low coupling efficiency and/or require complex growth or processing steps. Conventional 
grating-assisted directional couplers, on the other hand, suffer from critical fabrication 
tolerances. Therefore, it can be said that no technique offers the combination o f high 
coupling efficiency, reliability, manufacturability, wavelength and polarisation 
independence, raggedness, and robustness demanded for use in low-cost high-volume 
telecommunications component production. The aim o f  this work was to address these 
deficiencies and give a possible solution for efficient coupling to small waveguides.
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4  T h e o r y
4 .1  I n t r o d u c t i o n
The problem o f  mode propagation in periodic optical waveguides with a surface 
corrugation has been analysed by numerous methods. The Coupled Mode Theory (CMT) 
is a commonly used technique because o f  its simplicity [4.1], [4.2], [4.3], [4.4], hi 
addition, the coupled mode analysis is easily tied to an underlying physical process. 
However, under a wide variety o f  possible assumptions, the CMT may produce inaccurate 
results in many practical cases. The mode-matching technique is also applied to analyse 
the periodical waveguide problem [4.5], Similarly to the CMT, this technique is valid only 
when the grating perturbation is weak. To obtain the coupling length, coupling efficiency, 
and the resonant grating period o f  a grating-assisted directional coupler accurately, the 
Floquet-Bloch Theory (FBT) can be used [4.6], [4.7], The radiation loss can also be 
accurately calculated by this method because it does not require any assumption.
In this chapter a brief explanation o f  the methods and theories that have been used in the 
design and analysis o f the Dual Grating-Assisted Coupler is given. Basic theory including 
M axwell’s equations, wave equations, waveguide modes etc, is not included because it 
can be found in several very good text books [4.8], [4.9], [4.10], [4.11], [4.12]. Also, a 
detailed description o f  the methods and theories used in the work is not given because it is 
beyond the scope o f  this thesis.
First, an overview o f  methods used for analysis o f the waveguides is presented. Those 
include the Finite Difference Method (FDM), the Finite Element Method (FEM), the 
Finite Difference Beam Propagation Method (FD-BPM), and the Effective Index Method 
(EIM). After that, basics o f  the Coupled Mode Theoiy (CMT) and Transfer Matrix 
Method (TMM) are given, and finally the foundation o f  the Floquet-Bloch Theoiy is 
explained. The orthogonality relation can be found in Appendix A.
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4 .2  M e t h o d s  f o r  a n a l y s i s  o f  d i e l e c t r i c  w a v e g u i d e s
Finding the propagation constants and field profiles o f the modes that waveguides support 
is the building block in the analysis o f  optical integrated circuits and their constituent 
elements. Typical dielectric waveguides that have been developed for integrated optics are 
shown in Figure 4.1 and include slab waveguides, buried waveguides, air-clad rib and 
buried rib waveguides, diffused waveguides and buried diffused waveguides.
Figure 4.1. Typical dielectric waveguides: (a) slab waveguide, (b) buried waveguide, (c) air-clad 
rib waveguide, (d) buried rib waveguide, (e) diffused waveguide, (f) buried diffused waveguide
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With the exception o f  the simple structure o f a slab waveguide, for which exact closed 
fonn solutions exist, most practical structures are more complex and exact analytical 
solutions do not exist. Solutions must then be found by solving M axwell’s equation using 
either numerical or semi-analytical methods. Numerical methods, such as the Finite 
Difference Method (FDM), Finite Elements Method (FEM) and Finite Difference Beam  
Propagation Method (FD-BPM), solve M axwell’s equations exactly and are highly 
accurate, they are suitable for complex geometries and are robust. However, since their 
accuracy depend on the number o f  computational mesh elements, their disadvantage 
becomes apparent when large geometries are to be analysed, demanding long 
computational times and large memory. Special care must also be taken in modelling the 
open boundaries o f  the waveguide structure. Long run-times make these methods 
unsuitable for use in an iterative design environment. On the other hand, semi-analytical 
methods, o f  which the Effective Index Method (EIM) will be covered in this chapter, are 
fast and efficient. Their ability to provide first approximation results quickly makes them 
suitable for use in design. The shortcoming is that these methods are developed for certain 
geometries only and camiot be applied generally to any structure.
4.2.1 Finite Difference Method
The Finite Difference Method (FDM) is one o f  the most frequently used numerical 
techniques. It is suitable for modelling arbitrarily shaped dielectric guides which could be 
made o f  isotropic homogeneous, inhomogeneous, anisotropic or lossy material. The 
essence o f the FDM is to map the 2D structure onto a rectangular mesh (Figure 4.2) 
allowing for the material discontinuities only along mesh lines. The nodes can be 
positioned either at the centre o f  each mesh cell so that the node is associated with a 
constant refractive index, or on the mesh points so that each node can be associated to 
maximum o f  four different refractive indices (Figure 4.3).
In the finite difference technique, differential operators are replaced by difference 
equations, and then the partial-differential equations are translated into an equivalent 
matrix equation. The refractive index profile is broken up into small rectangular elements 
or pixels, o f  size Ax x Ay. Over each o f  these elements, the refractive index is constant. 
Thus, discontinuities in the refractive index profile occur only at the boundaries between 
adjacent pixels.
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The problem o f open boundaries in FDM is overcome by either a) enclosing a structure in 
a sufficiently large rectangular box which does not disturb the penetration o f  the field and 
on which the zero field condition is imposed, or b) imposing an open or matched 
boundary condition on the box sides, for example, by assuming exponential decay o f  the 
field in the outward normal direction, in which case the size o f  the box can be somewhat 
relaxed. However, when the device operates near cut-off, the size o f  the box for both 
cases has to be sufficiently large to allow for substantial penetration o f  the field into the 
substrate. If a uniform mesh is used it can result in a very large number o f nodes and large 
matrices. Therefore, non-uniform meshes have been proposed such that a finer mesh is 
applied on regions where the field changes rapidly, and a coarser mesh for regions where 
the field changes slowly or is stationary.
Figure 4.2. Finite Difference mesh for modelling o f a rib waveguide
(a ) (b)
Figure 4.3. Location o f  nodes (a) on the centre o f a mesh cell, or (b) on mesh points
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The accuracy o f the method depends on the mesh size, the assumed nature o f  the 
electromagnetic field (scalar, polarised, or vector), and the order o f  the finite difference 
scheme used. The symmetry (or asymmetry) o f  the structure can also be exploited to 
advantage taking care that the appropriate boundary conditions are applied along the 
symmetry (asymmetry) lines (Figure 4.2).
4.2.2 Finite Element Method
The Finite Element Method (FEM) is another well established numerical technique for 
solving boundary value problems. It is based on dividing the 2D problem region into non­
overlapping polygons, usually triangles as shown in Figure 4.4. The field over each 
element is then expressed in terms o f  low-degree interpolating polynomials weighted by 
the field values at the nodes o f  each element. The total field is found as a linear 
summation o f  the fields over each element when the eigenvalue, i.e., propagation 
wavenumber, is minimum.
Figure 4.4. Modelling o f a buried waveguide using a Finite Element mesh
Modelling o f the open boundaries within the FEM was at first done by truncating the 
computational window and imposing an artificial electric wall around it, a technique 
which as with the FDM, gives erroneous results for waveguides operating near cut-off. 
Much better results were obtained by introducing infinite elements in which the field is 
forced to decay exponentially. The infinite elements, (Figure 4.4), do not increase the size 
o f the matrices but on the other hand can treat only non-radiating structures. A  better 
approach is by using an impedance boundary condition where the appropriate radiation 
condition o f the fields at the fictitious boundary (the boundary that separates the interior
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(guiding) region from the exterior (decaying) region), is assumed and approximately 
satisfied and from which the condition at the infinity is derived. This approach can also 
treat the radiation modes by simply allowing complex values o f  propagation constant.
The FEM is considered more flexible and powerful than the FDM for modelling complex 
geometries, due to the greater flexibility o f  triangular elements [4.13]. The modelling o f  
curved boundaries is additionally eased by use o f isoparametric elements, that allow  
curved edges [4.14]. For simple geometries, however, the FDM is reported to be more 
efficient than the FEM [4.15],
4.2.3 Finite Difference Beam Propagation Method
Unlike the above methods, the Beam Propagation Method (BPM) describes the evolution 
o f  the total field propagating along a waveguide. With the FDM implementation, the BPM  
was extended to include vectorial properties for 2D and 3D propagation, and it has been 
recently shown that it can be useful when the angle between the waveguide and 
propagation direction increases [4.16], As for the boundary condition, the perfectly 
matched layer (PML) has been recently proposed and reported to be the most effective
[4.17], [4.18]. The PML approach is based on introducing a fictitious layer o f  certain 
electric conductivity that is able to absorb and exponentially attenuate the outgoing wave 
at any angle or frequency. The FD-BPM is one o f the most popular methods for analysis 
o f  field propagation in inhomogeneous optical guides such as tapers, Y-junctions, bends 
etc.
4.2.4 Effective Index Method
The semi-analytical methods, unlike numerical methods, make certain approximations to 
the structure under consideration and then solve the resulting, simplified problem 
analytically. These methods are very popular among designers since they are veiy efficient 
and can provide in some cases accuracy comparable with that o f  numerical methods, and 
they are easily implemented and require less memory and CPU time. However, each semi- 
analytical method is usually limited to a certain type or class o f  problem.
Knox and Toulios proposed the Effective Index Method (EIM) in 1970 [4.19], and it soon 
became one o f  the most popular methods for analysis o f optical waveguides. The effective 
index o f  the structure is obtained by successively solving two transcendental slab
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equations. In the case o f  a rib waveguide, the method in the first step solves 
transcendental equations for three vertical slabs. The effective indices (nem and ndJ) so 
obtained become the refractive indices for a horizontal slab waveguide. Solving the 
transcendental equation for the horizontal slab gives a good approximation to the effective 
index o f  the original waveguide structure.
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Figure 4.5. The Effective Index Method for the rib waveguide (a) the original rib waveguide,
(b) solving the vertical slab problem to define neff, and nejp (step I), (c) solving the equivalent 
horizontal slab problem for nejfo f the whole structure (step 2)
The EIM can be applied to a wide variety o f  structures. The weakness is that it does not 
give good results when it is not possible to define horizontal and vertical slabs explicitly 
and/or the structure operates near cut-off. Moreover, the method does not evaluate the 
field profiles, in principle. The simplicity and speed o f the method have encouraged many 
engineers to search for different approaches improving the accuracy o f the EIM. 
Consequently, many different variants o f  the EIM have been developed for modelling o f  
different devices.
4 .3  C o u p l e d  M o d e  T h e o r y
Coupled mode theory (CMT) has been extensively applied as a mathematical tool for the 
analysis o f electromagnetic wave propagation, power exchange between waves and
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interaction with media in guided wave optics. Because o f  its mathematical simplicity and 
physical intuitiveness, the CMT has become a veiy popular approach for understanding 
the operation o f  existing devices and systems as well as for suggestion o f  new concepts 
and designs.
There is a number o f different coupled mode formulations in the literature. The choice o f  
a particular formulation depends on the problems examined, on the accuracy desired, and
sometimes 011 the preference o f the user. One o f  the formulations is described in this
section.
If light propagates in a lossless waveguide which is perfectly uniform and invariant in the 
propagation direction z, it can be shown (Appendix A) that there is an orthogonality 
relation between the modes supported by the waveguide structure (chapter 3, equation
(3.2)). This relation implies that each mode propagates independently along the 
waveguide, and therefore there is no power exchange between modes. Moreover, the 
modes form a complete set o f  orthogonal functions in the sense that any arbitrary 
electromagnetic field propagating along the waveguide can be expressed as a 
superposition o f  the waveguide modes (modal fields):
E, (x, y, z) = £  av E * (x, y) e~'Pv z (4.1)
V
H ,(x ,y ,z )  = ^ a v (x ,y)e~ lPvZ , (4.2)
V
where the expansion coefficients a x /represent the weighted contribution o f the vth mode to 
the electromagnetic field, subscript t denotes transverse field, and (3 is the propagation 
constant.
As the modes in a waveguide structure include guided modes with a discrete spectrum, 
and radiation modes with a continuum, the expansions in the previous equations imply a 
discrete summation for guided modes and an integral on J3V for radiation modes. The 
summation must also be performed for different polarisations and for each degenerate 
mode. For a given mode, the propagation constant can take positive as well as negative 
values (corresponding to waves travelling in z+ and z  directions, respectively) and 
therefore, these two equations should include positive and negative values o f (3V.
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The waveguide structure that defines the modal fields (Ev, Hv) is known as the canonical 
structure. As each canonical mode (normal mode) is a solution o f  M axwell’s equations 
for this structure, each mode can exist independently. In addition, the a v coefficients 
which define an arbitrary electromagnetic field propagating along the canonical structure 
are constant. That means that there is no interaction between modes, and consequently no 
energy transfer or coupling between modes.
In a waveguide structure slightly different to the canonical structure (i.e., not invariant in 
z), the normal modes cannot propagate independently, because these modes are not 
solutions o f  M axwell’s equations for the new structure. Nevertheless, the modal field can 
still be expressed as a superposition o f  normal modes using equations (4.1) and (4.2), 
although in this case the av coefficients are no longer constant but are a function o f  the 
propagation distance z:
E t (x ,y ,z )  = Y j av (z )E vt(x ,y)e~ l/3'/Z (4.3)
V
H ,(x ,y, z) = £  av ( z ) ( x ,y ) e ~l(3vz . (4.4)
V
Therefore, energy transfer between modes can take place i f  the original waveguide 
structure is altered because the modes, originally independent, become mutually 
“coupled”. The theory that describes that interaction between modes, or the new modes in 
the modified structure is known as the Coupled Mode Theoiy (CMT). The main aim o f  
this theoiy is to derive the coupling coefficients that drive the optical power exchange 
between the modes o f  the original structure. The spatial evolution o f  the av coefficients 
due to the mode coupling is driven by the so-called coupled mode equations.
4.3.1 Coupled mode equations and coupling coefficients
If we have a canonical waveguide structure, described by a given distribution o f the 
dielectric permittivity s=s{x,y), and an arbitrary wave propagating along it (E(0), H(0)) then 
M axwell’s equations are fulfilled:
V x E (0)= — , (4.5)
V x H (0)=i«>;rE(0) . (4.6)
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If this structure is modified such that new dielectric permittivity is given by 
£(x,y)+A£(x,y), then any electromagnetic field (E,H) in the new structure must satisfy:
(4.7)
(4.8)
Following a similar procedure to that given in Appendix A, by combining the previous 
four equations, we can obtain an equation that relates the fields o f  the canonical structure 
to the fields o f  the modified structure, coupled through the change in the permittivity
v ( e  X  H (0)‘ +  E (0)* x  h )  = -!O E (0)* AeE . (4.9)
Figure 4.6. Volume taken for performing the integration o f equation (4.9)
If we integrate (4.9) over a cylindrical volume with an infinitely large area parallel to the 
xy  plane and with infinitesimal width in the z direction (Figure 4.6) we get:
j } j v [ E x H (0) + E (0) x H j  dxdydz = |J |- i® E (0) AeEdxdydz . (4.10)
Using the divergence theorem the left hand-side o f  the previous equation becomes
LHS(4.10) = f i ( E x H (0)* + E (0)’ xH^jdS . (4.11)
If we designate the integrand in (4.11) as vector A, and surface S is represented as a sum 
o f  two flat and one curve surfaces (Si, S2, and S3, respectively), then the LHS is
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LH S(4.10)= jA d S j+  J A dS2 + jA dS3 .
Si So So
(4.12)
As Si and S2 are infinitely large, vector A  is infinitesimally small on S3 (and S3« S i , S 2),
(4.12) becomes:
LH S(4.10)= jA d S j -  |A ( -d S 2) . (4.13)
The sign o f  vector dS2 is changed to -d S 2, because two surface vectors need to point in 
the same direction (z+). Therefore
LH S(4.10)= Jfj E ,x H ,(0) + E((0) x H ,
z+dz
E ,x H ,(0) + E ,(0) x H jdxdy
L H S ( 4 .1 0 ) = J |{ | E ,x H ,(0) + E ,(0) x H , dz jdxdy (4.14)
Since As±Afrz) and E(0), E «  const on [z, z+Az] the right-hand side o f  equation (4.10) is
RHS(4.10) = -zW zJ jE (0)*AsEdxdy . (4.15)
Having obtained left- and right-hand sides o f  equation (4.10), now it can be written in the 
following form:
IIdz E , x H ,(B) + E ,(0) x H ( dxdy  =  -  ia> JjE(0)' A sE  dxdy . (4.16)
For a z-invariant structures solutions are in the fonn exp(~i/3z), and therefore assuming 
that fields E(0) and H (0) correspond to the pth mode o f  the canonical structure we can write
E,(0) (x, y ,z )  = E /(, (x, y)e  
H ? \ x , y , z )  = H p (x ,y )e
Using (4.3) and (4.4), fields Et and H t can be expressed as
E t f f a l/(z)E vt( x , y ) e ^ 2
V
H , = £ a „ ( z ) H  ,A x ,y )e -‘fi'‘z
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Implementing the previous four equations, the left-hand side o f  equation (4.16) becomes
'j r
LHS = ff—  
JJdz J X O ) E ,
- ip vz y ; av(Z)H Ke - ^ z
V v
dxdy
LHS(4.16) = JJ[e wx H*, + E *(x H w]z chrdyj (4.17)
By combining the orthogonality relation with the power flu x  normalisation 
(corresponding to the modal field p)
B - P z ~  Re{ jfr (e, x H] I cbcd^j = i  Jj|je„ x <  + x H ;/, {  dxdy ,
the expression known as the modal orthonormalisation can be obtained:
ilft1
*  *
dxdy = ±5/IV (4.18)
where 5pv is the Kroneclcer’s delta fmiction. Substituting the integral in (4.17) by (4.18), 
the left-hand side o f  (4.16) can be written as:
dau(z) d a,.(z)  
LHS(4.16) = ±4 — d——  = +4 - J
dz dz
(4.19)
where the + and -  signs must be chosen for positive and negative values o f  J3fh 
respectively.
The electric field complex amplitude can be expressed by a sum o f transversal and 
longitudinal components:
e  = e , + e 2 .
Using (4.8), the previous equation can be written as:
E = E , + . V/ XH' x = I > ,ICO(s + As)  „
V; x H vt
ico(s + A s)
and since VtxH vt=z<yeE3
E = 5>> + S + A s
•E, ,  iPy* (4.20)
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Having this expression, the right-hand side o f  (4.16) has the following form
RHS(4.16) = - im  JTe* e+i/,"z A s] E lT + 8 + As
■Evz
-iPvz ■ dxdy
RHS(4.16) -  -ico ^c iye -'(Pv-Pu)z I K * * E„ + £ + As
- E ,
Combining (4.19) and (4.21), equation (4.16) can be written as:
dau(z) .v ^ , , \ /■ \ -i(pv~p,,)z
dxdy (4.21)
(4.22)
where the coupling coefficient kpx(z) is defined as
kMV(z) = k f t ( z )  + k f t ( z ) (4.23)
k^jy (z) = ^  J/E^ (x, y) A s(x, y , z) E* (x, y) dxdy (4.24)
*£„(z) = ^ |jE ^ (x ,j> )  sA f X’y ’z) E K(x ,y )  dxdy . (4.25)
Equation (4.22), which includes summation over all the v modes (guided as well as 
radiation modes), represents the coupling modal equation, and determines the spatial 
variation (along the propagation distance z) o f the modal amplitude coefficients ap. 
Coefficient kMfz )  is the coupling coefficient between modes p and v, k l(z) represents the 
coupling contribution due to the transversal components o f  the electric field, and k  Z(z) 
coupling between longitudinal components o f  the field. It should be noted that z- 
dependence is explicitly included 111 expressions o f  the coupling coefficients, allowing the 
altered structure to be z-dependent through the modification As(x,y,z) o f  the dielectric 
permittivity s.
As it is usually true that s » A s ,  coupling coefficients can be approximated to:
kpy (z) »  ~  JjE* (x ,y ) As(x , y, z ) E „(x ,y )  dxdy .
If As is a real quantity, which means we have a non-absorbing structure, according to the 
previous three equations, the coupling coefficient fulfils the relation:
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kMV(z) = lc*M(z) . (4.26)
The power flux in the propagation direction z is given by the summation o f  the modal 
power fluxes Z|j. I % (z)l2 and the derivation on z o f this flux is
- Y £ M z) f = ' -  k^ ) al ave ^ = 0 > (4-2?)
M MV
which represents the power flux  conservation. It should be noted that this relation is valid 
only i f  As is real, that is when there is no absorption in the structure.
To obtain the coupling modal equations it has not been necessary to make any 
approximations. This means that the electromagnetic evolution is adequately described by 
equation (4.22) i f  all the modes are included. However, an analysis using all the modes is 
not practical in most cases, because (4.22) represents a set o f  equations o f  infinite 
dimension, which should include radiation modes. Therefore, in practical situations only a 
small number o f  modes are considered, reducing (4.22) to a small number o f  equations. In 
most cases only two guided modes are considered. In such an approximate analysis it is 
necessary to choose an appropriate canonical structure in such a way that the structure to 
be analysed can be represented by a As as small as possible, because in this case the 
accuracy o f the approximation will depend on the magnitude o f  As. To achieve that, a 
canonical structure in which As±0 is valid only for a small region should be chosen.
4.3.2 Co-directional coupling
A  lossless waveguide structure, which is invariant along the propagation direction (z- 
axis), can support several guided modes, which are defined by the waveguide structure 
and its boundary conditions. There is an orthogonality relation between modes, in such a 
way that they can propagate independently, without mutual coupling and without energy 
transfer between them.
In contrast, i f  the waveguide is slightly altered, for instance, by inducing a small change in 
the refractive index in a region close to the waveguide, the original modes o f  the
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unperturbed waveguide are no longer independent, but they will be mutually coupled. 
There are two methods for analysing the optical propagation o f  the modes in the perturbed 
waveguide: 1) the normal modes o f  the new structure can be calculated by solving
express the perturbed optical field as a summation o f the normal modes corresponding to 
the unperturbed waveguide. O f course, the first method gives exact solutions, but the 
resolution o f  the problem is sometimes very difficult. On the other hand, although the 
second procedure provides only approximate solutions, it is simple and direct. Also, this 
method allows a qualitative comprehension o f  the essential features and phenomena 
involved in the problem, and the solution is usually quite accurate. Therefore, the CMT is 
a method that can be used for description o f  the optical propagation in a perturbed 
waveguide by means o f  the known normal modes corresponding to the unperturbed 
structure.
Although the optical field is described by a discrete summation o f  all the guided modes 
plus the continuum radiation modes, in many cases it is sufficient to consider only two 
guided modes, that is only two coefficients a v in the modal expansion are different to 
zero.
If we have an unperturbed canonical structure, shown in Figure 4.7, which consists o f two 
waveguides, each invariant along z axis and each support a single guided mode (modes a 
and b), the modes w ill propagate independently i f  the separation between the waveguides 
is large enough. The modal electric field distribution will be Ea and Eh, and propagation 
constants f3a and f r  (we assume f3a<ftb)-
M axwell’s equations with appropriate boundary conditions; and 2) it is possible to
Figure 4.7. Tm>o uncoupled (left) and coupled waveguides (right). 
Modal fields Ea and Eb are modified to Ee and E0.
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What will happen i f  the separation between the waveguides is reduced? When the two 
waveguides approach each other, the initial canonical structure is perturbed: the original 
normal modes (canonical modes) Ea and Eb are no longer modes o f  the new structure, and 
instead two new normal modes Ee and E0 appear, which propagate along the coupled 
waveguide system. The propagation constants o f  these two modes are j3e and J30 (j3e>j3b, 
j3o<Pa)' As fields Ee and E0 are now the normal modes o f  the new structure, they can be 
excited separately, and can also propagate independently.
Under appropriate light injection, the two modes Ee and E0 can be excited simultaneously. 
Since the propagation constants o f  the modes are different, they propagate at different 
speeds, giving rise to a beat phenomenon: it seems that the optical power transfers 
periodically between the two waveguides in such a way that the energy is transferred from 
mode Ea to mode Eb and vice versa, as the optical perturbation proceeds along the 
waveguide system. This coupling effect is stronger as the values o f  propagation constants 
p a and Pb become closer (quasi synchronous condition).
This behaviour describes the main features and fundamental concepts o f  modal coupling 
behaviour between propagation modes in waveguide structures. The purpose o f  the modal 
coupling theoiy is to obtain the modal fields Ee and E0, the propagation constants p e and 
p 0, the beat period, and other relevant parameters as a function o f  the known modes E a 
and Eb corresponding to the unperturbed system.
Optical fields Ea and Eb can be expressed as:
Ea (x, y ,z , t )  = A(z) e~'p^  f a (x. y) elM
Eb( x ,y ,2,t)  = B (z )e - il3<’zf b(x ,y )e ia‘’
where f a(x,y) and fb(x,y) are the field distribution functions which have been normalised to 
the power flux over the transversal section (x, 3?) o f  the waveguide system. If the coupling 
between waveguide 1 and waveguide 2  is reduced to zero by separating sufficiently the 
waveguides, the fields Ea and Eb become the original independent normal modes, and the 
amplitudes A(z) and B(z) become constants.
The modal coupling equations (4.22), which now involves only two guided modes, have 
the following form:
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± dA ( z ) = _ ikabB(z }e-i{Pb-Pa)z
62 (4.29)
+ = - ik ba A(z) e ^ Pb~Pa)z
dz
where k„b and kba are the coupling coefficients between the modes a and b and vice versa, 
respectively. The term exp\±i((3b~/3a)z\ corresponds to the phase mismatching between the 
two guided modes. If in equation (4.29) we set the coupling coefficient to zero 
(kab=kba=0), it can be easily obtained that A(z)=A 0 and B(z)=B o ,  and the optical fields Ea 
and Eb are reduced to the original optical fields.
The coupling coefficient kab (equations (4.24) and (4.25)) takes into account the spatial 
overlapping o f the normal mode Ea over the region where the dielectric permittivity s 
changes compared to the original unperturbed structure. In this case, the change on e is 
restricted to waveguide 2 (w2). Therefore, the coupling coefficient kab is calculated 
according to the following integral:
kab = C \ f ' a A e f b dxdy (4.30)
w2
where the integration range extends over the transversal section o f  waveguide 2, the 
region where waveguide 1 “sees” the perturbation. The constant C takes into account the 
normalisations for the functions Ea and Eb.
Figure 4.8. Coupled waveguides with modal field distributions o f the uncoupled waveguides. The 
double hatched area is the region where the integration in equation (4.30) takes place
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If two collinear guided modes propagate along the coupled waveguide system in the same 
direction (z+ direction, as in Figure 4.7) then the coupled mode equations can be written 
as
= - ik B (z)e ~ KPb~Pa)z (4.31)
dz
= (4.32)
dz
where k=kab=kift (/ce91+, i.e., k  is a positive real number). The previous equations 
constitute a set o f two differential coupled equations, linked through the coupling 
coefficient k. We postulate solutions in the following form:
A(z) = Ae~‘r z e~iAz (4.33)
B(z) = Be~‘rze+iAz (4.34)
where 2A=/?/,-/?« is the mismatching parameter which gives the degree o f  synchronism 
(asynchronism) between the modes a and b. For p b=pa => A=0 the two modes are 
synchronised and we have the perfect phase-matching condition. Parameter y is given by
y  = +Vk 2 + A2 . (4.35)
If in (4.32), A(z) and B(z) are replaced by (4.33) and (4.34), the relation between A  and B 
is given by
B (-  iy  + iA)e~irz e+iAz = -ik A e ~ irz e~iAz e+2Az
B k  • (4.36)
=> — = --------
A y - A
Considering the two possible signs for the parameter y, then the general solution (4.33) 
has the form
A(z)  = (a  e - ,r z +  A0 e+,?z . (4.37)
Using (4.36) we get coefficients Be and B0\ Be=kAe/(y-A) (for +y) and B0=-ltAJ(y+A) 
(for -y) and therefore B(z) is
108
4 Theory
B (z) = k Ae c~iYz
kA.
y - A y  + A
o e+<yz +iAz (4.38)
The complete expressions for the modal fields in the two waveguides are obtained by 
replacing A(z) and B(z) by (4.37) and (4.38), respectively
Ea = ( 4  e- > z + 4  ) g - “  e'>“ * /„  (* ,y )  ei a t- i A z  e ~ iP a z
Eb = ( 4  <T'>2 + 4  e+’r* )e+iAz e * *  z f b (x, y ) eM
4  = Ae e
Pa+Pb , z -i Pa+Pb2 + An e 2 f a(-x >y)e
icot
Pa + Pb + y
Be e l + B0 e
Pa+Pb - r
M x ’y ) e
iat
Ea(x ,y ,z , t)  = {Ae e - ‘&* + 4  e 1 ?■>*) f a(x ,y )e 'm 
Eb( x , y . z , t ) = [ B f f ^ z +B0 e - l j f b{x ,y )e im
where new propagation constants p e and J30 are given by
A = & ± & + y
P o = ^ A f f ~ Y
(4.39)
(4.40)
In these expressions the *+’ sign has been chosen for the parameter y. As y = (/Y+A2) 1/2 > 
A the new propagation constants fulfil the relations p e > Pa, Pb and p 0 < p a, p b.
Equations (4.39) indicate that the waves Ea and Eb propagating along the mutually 
coupled waveguides a and b can be expressed as a linear combination o f  two waves with 
propagation constants p e and p o. These two propagation constants are therefore the 
propagation constants o f  the coupled waveguides system whose wave fields are given by
Ee ~ Aef a + Bef b
E o ~ A0f a + B0f b
(4.41)
where A e and A 0 are constants detennined by the initial condition of light injection.
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If waveguide a is selectively excited at z=0 we have that A(0)=1 and B(0)=0 at z=0. From
(4.37) and (4.38) it follows
A(0) = Ae +Ao = l
A It A
B( 0) = - ^ ------— ^  = 0
y - A  y  + A
* X + A A ,
~Af + a e ~ ~y - A
*  A0 = C t A A
y - A
^  = r + A
2y 2y
A(z) . A . ] _/Azcos^z + z—sm yz e
V r  7
i?(z) = - i —sin y z e +lAz
r
(4.42)
As f a and f i  are normalised functions, the power fluxes along waveguides a and b are 
described by \A(z)\2 and \B(z)\2, respectively. From (4.42) we can get
\a 4 2 . . .
M(0)|
2 = A (z)A (z) = .A . —iAz . A .cosyz  + z—sin yz e cosyz - i —s m y z
r r
+/Az
A
= cos2 y z  + -^-sin2 y z  = cos2 y z  + sin2 y z  -
r
(  a2 \
1 —
v r  j
sin y z - 1 ■ sm 2 y z
From (4.35) A2 = y2 - k2 and the last expression becomes:
|2
J ^ L  = l - Z p m *  p(o)|2 r
yz (4.43)
and similarly
1^0)12 k 1 . 2 
  V = —*-sm y z
\ m \  r 2
(4.44)
Defining a-dimensional magnitude F  as
F  =
r k \ 2 1
v r )
(4.45)
equations (4.43) and (4.44) have the following forms
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l^(z )|2 1 r  • 2■------ '-  = \ - F s m  y z
(4.46)
17 • 2= /  sin y z  
F=1 solid line
F=0.4 dashed line waveguide a
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Figure 4.9. Power exchange between two waveguides in a directional coupler 
as a function o f parameter F
X
Figure 4.10. Directional coupler based on SOI rib waveguides
Figure 4.9 plots equations (4.46) and gives variation o f  the relative optical power in the 
two waveguides as a function o f  yz. From (4.46) and Figure 4.9, it is clear that complete 
transfer o f  power is possible when F= 1, that is when the two modes are synchronised 
(Pa~Pb => A=0). One example o f  that case is shown in Figure 4.10 and Figure 4.11, where 
two identical rib waveguides in SOI technology can completely exchange optical power
(b)
Silicon Guiding Layer 
SiOz
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after a length o f  160pm. With dashed and dotted lines power transfer between two 
asynchronous waveguides (F=0.4 and F=0.2) is shown in Figure 4.9. Maximum power 
transfer occurs at yz=m7d2 (m= 1,2,3...) for all three cases.
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Figure 4.11. Transfer o f optical power between two SOI rib waveguides (BMP method)
Maximum transfer o f  optical power that can take place between waveguides a and b 
occurs when sin2yL=l => yL=mnl2, that is when the coupling length is
2 r
For two synchronised modes the coupling length is given by
(4.47)
L =
71
2k
(4.48)
From equations (4.45)-(4.48) it can been concluded that for complete transfer o f
optical power is not possible and degree o f  transfer is determined by the coupling 
coefficient k  and the degree o f  synchronisation A. It is also interesting to note that for an 
increase o f  the mismatching factor A, F  parameter decreases and consequently the 
coupling length decreases.
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4.3.3 Co-directional coupling induced by gratings
Regardless whether a waveguide diffraction grating is a relief grating or index modulation 
grating, it is a periodic structure that can be described by the spatial change on the 
dielectric permittivity As caused by the grating in the original canonical waveguide 
structure. As As is a periodic function, for the relief grating with periodic step-like 
changes o f  the guiding film thickness, it can be expressed as a Fourier expansion o f  the 
fonn
As (x ,y ,z )  = J ^ A sq(x)e  "'Kr
, " . ■ ,  (4-49)/ 2 2 \smqd7TA s = s 0(nf - n c ----------- , q e Z , q *  0
1 J qn
where np and nc are refractive indices o f  the film and cladding, respectively, and 
d=A+/(A++A") (A+ and A' are lengths o f  the space and mark regions o f  the grating, such 
that A+ + A ’= A). In this equation, which is derived in Appendix B, Asq{x) are the Fourier 
coefficients in the expansion, and they depend only on the x-coordinate i f  the wavevector 
K  (|K |=A=2tt/A ) associated with the grating lies in the plane defined by the optical 
waveguide (yz plane):
K  = K y u y + K z u z 
r = y u y + zu z
If a wave characterised by its wavevector k  is incident in the grating region, as a result o f  
the periodic phase modulation induced by the periodic perturbation, several diffracted 
waves are generated, having wavevectors given by k+#K . The existence o f  coupling 
between two guided modes induced by the grating implies that the propagation constants 
p a and Pb o f  the modes must fulfil the relation
Pb ~ Pa + qK  j (4.50)
where q indicates the coupling order. This relation is the Bragg condition for guided 
modes in waveguides.
The coupling modal equation (4.22) can now be written as
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(4.51)
and the coupling coefficients o f  the qth order are given by
lqK)’y E ]4(x ,y ) dxdy (4.52)
] = J  JJE ~^ (X, y)  As q (x) e lqKyy E w (x, y ) dxdy (4.53)
From (4.49) it follows that As.q=Asq*, and therefore the coupling coefficients fulfil the 
relation k vf t q) -  k f t q)*. Generally, all the coupling orders can be ignored except that
corresponding to the efficient coupling between the modes ju and v near the phase 
matching condition, because all the other terms have veiy different propagation constants 
(highly asynchronous condition) and thus do not contribute appreciably to the coupling. 
The summation includes also the term ju=v, called the self-coupling term , which describes 
the slight change on the propagation constant o f  a particular mode induced by the grating. 
This term is usually veiy small and can be ignored in most cases.
If the propagation constants o f  the guided modes fia and j3b fulfil, at least approximately, 
the phase matching condition for the qih coupling order (j3b&/3a+qK), and no other 
combination o f  modes exists that fulfils that relation, the modal coupling equations are 
reduced to (see equation (4.29))
As equations (4.42)-(4.46) are valid in this situation, we can define the coupling 
efficiency for a periodic structure o f  length L  as
(4.54)
±  dB(z) _  _ ik A(z ) e+ilAz 
dz
/2
where the coupling coefficient kba(q) is denoted simply by k  and the self-coupling term has 
been ignored. The mismatching parameter A is
A _  Pb ~  (fia + 0K ) (4.55)
2
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k 2
(4.56)
For perfect phase matching condition (A=0), the efficiency simplifies to
rj = sin2 kL . (4.57)
The last equation implies that the complete power transfer from the mode a to the mode b
can occur i f  the grating structure has a length (coupling length) given by:
One o f  the inherent approximations in the coupled mode formulations based on the ideal 
modes is that the periodic perturbation only changes the amplitudes o f  the ideal modes as 
functions o f  z  and consequently causes power coupling among different modes that are 
nearly phase matched. This approximation is valid only when the grating perturbation is 
weak. If the grating height and/or the index difference between perturbed and surrounding 
regions increase, the ideal mode approximation will become questionable. The problem is 
more serious for TM modes whose transverse electric field is perpendicular to the 
interface across different media. The coupling coefficients computed for the ideal modes 
are therefore not correct even for small grating height [4.20]. Some modified trial 
solutions based on the ideal modes can be introduced to solve the problem [4.21]. An 
alternative approach is to use the coupled mode formulation based on local modes [4.22]. 
The local modes are defined at each point along z by the waveguide parameters 
determined at each position, and the evolution o f  the mode patterns along the direction o f  
wave propagation is considered. Depending on the types o f  the local modes assumed in 
the trial solution, the CMT may be formulated in terms o f  the orthogonal local composite 
modes or the nonorthogonal local waveguide modes. As the grating height increases, the 
radiation loss due to the scattering at grating surfaces becomes severe. It should be noted 
that assessment o f the radiation loss due to the periodic grating may be difficult in the 
CMT analysis. The Transfer Matrix Method can be used to solve this problem.
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4 .4  T r a n s f e r  M a tr ix  M e t h o d
The Transfer Matrix Method (TMM) for a grating-assisted directional coupler (GADC) 
with a rectangular grating profile (Figure 4.12) is presented in this section. Local normal 
modes for each section (denoted by + and -) are the normal modes o f  the structure. 
Scattering at waveguide junctions between the + and -  sections induces redistributions o f  
the amplitudes as the guided modes pass each junction. As a result, power exchange 
between the two waveguides occurs, as well as power coupling to radiation modes. A  
simple mode matching technique is applied to find the relation between the mode 
amplitudes on both sides o f  a grating interface. The transfer matrix describes the 
interactions o f the optical guided waves with the periodic grating and can be expressed by 
the overlap integrals o f the local normal modes. If the grating height is not too large, 
mode matching o f  only the guided modes suffices -to produce accurate results. The 
radiation loss can also be assessed without the knowledge o f  the radiation modes.
If at the input o f  the coupler only waveguide a is excited then the transverse 
electromagnetic fields are given by the guided mode o f the input waveguide:
where E„ and H a are the electric and magnetic fields o f the guided modes in waveguide a.
The grating-assisted coupler is assumed to support only two guided modes, designated as 
p and v. Supposing that the grating starts at z=0 from the + section as shown in Figure 
4.12, the transverse electromagnetic fields in the + section can be expressed as a linear 
superposition o f  the guided and the radiation normal modes:
E(*, y , z) = E a (x, _>/) 
H (x, y, z) = H a (x, y)
(4.59)
E+ (x, y , z) = a * (z)E^ (x, y) + ci* (z)E* (x, y )  + E+ (4.60)
H + (x, y, z) = a% (z)H ^ (x, y)  + (z )H j (x, y)  + H* (4.61)
where a ff  and a J  are the amplitudes o f  the ju and v  guided modes in the + section, and 
E,+ and H,+ are the radiation modes.
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w a v e g u id e  a
n f -
w a v e g u id e  b
z
■>
Figure 4.12. Grating-assisted directional coupler
At the input junction z=0, the boundary conditions require
E fl = a+J 0 )E +J x ,y )  + ^ (0 )E +  (x,y)  + E j (4.62)
U a = a +J Q ) n +J x ,y )  + a : (0 )n t( x ,y )  + J l t  . (4.63)
If (4.62) is cross-multiplied by (KQ+)* (from the right hand side as x(H^+)*) and (4.63) by 
(E |/)* (from the left hand side as (E,/)*x), and i f  those two new equations are added and
integrated over the entire cross section, the expression for aB (0) can be derived as
a; ( o ) = i } k x ( H ; ) ‘ + (E FJ x H ( dxdy (4.64)
Similarly, a „+(0) is found to be
(0) =  ~  j f E a  x  (h * J + (e J J x  H q dxd-y (4.65)
In deriving the last two expressions, the orthogonality o f  the local normal modes has been 
used. The radiation loss due to the scattering at the input junction has been included in the 
mode-matching calculation. Hence, the power transmitted to the guided normal modes 
may be less than the input power. The amount o f  the power carried by the radiation modes 
may be calculated by the following expression:
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4 , = l - | ^ ( 0 ) | 2 - | a , ( 0 ) | 2 . (4.66)
After the input junction, the two modes w ill propagate independently along z. The mode
amplitudes at z, which are phase delayed by p j z  and f i j z ,  can be expressed by
A + (z) = P + (z) A + (0) (4.67)
where A+(z) is the mode matrix, and P+(z) propagation matrix o f  the local normal modes 
in the + section given by:
A +(z) =
P +(z) =
-iA+z
0
0
+ i A+ z
.%+/% -l— :2
(4.68)
(4.69)
The common phase factor QXp[-i(j3M+fi()z/2] can be neglected without loss o f  generality. 
In (4.69) A+ represents the phase-mismatch factor between the two local normal modes in 
the + section.
At the end o f this section (i.e., z=A+) the total electromagnetic field can be expressed by
E+(x, P, A+) = a^(A+)EY + )E j
H +( x ,j ,z )  = ^ ( A +)H ;  +a,T(A+)H ;
(4.70)
(4.71)
The radiation modes excited at the input z=0 are usually small and we assume that their 
contribution to the fields at the end o f  the section is negligible.
hi the following -  section, which has the length o f A', the fields are given by similar 
equations as (4.60) and (4.61):
E (x, y , z) = a (z)E (x, y ) + av (z)E„ (x, y) + E ;. (4.72)
H (x, y , z) = a (z)H  (x, y ) + av (z)H v (x, y) + H r (4.73)
The reflections caused at the junctions are ignored by assuming that the periodic grating is 
not phase matched for the reflected waves (far away from the Bragg condition). At this
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junction, the mode-matching technique similar to that used for the input junction is 
applied, leading to the transfer matrix relating the mode amplitudes o f  the local normal 
modes in the + and -  sections:
A “ = T ~ +A + , (4.74)
where the mode-matching matrix elements o f  T'+ are given by
dxdy . (4.75)
hr this expression m, n -  ju, v, respectively, and the normal modes in the -  section are 
normalised. Therefore, the transfer matrix that links the mode amplitudes for one period is
T = T +_P “T “+P + , (4.76)
where P" is the propagation matrix for the -  section and T+' is the mode matching matrix 
between the - and the next + section, and these matrices can be obtained in a similar way 
as the matrices P+ and T"+ (equations (4.69) and (4.75)).
Since the structure is periodic, the total transfer matrix o f  the grating-assisted coupler o f  
length L -N A  can be expressed as
TN = T N . (4.77)
To maximise the power exchange between the two waveguides, the length o f each section 
should be equal to the beat length between the two local normal modes within that 
section:
A± = ± r -  (4.78)
2A
The grating period o f  the grating is therefore equal to
A = A+ + A" . (4.79)
It should be noted that the + and -  sections may not be o f  equal length due to the 
difference in the phase-matching factors A+ and A‘.
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(a) (b)
Figure 4.13. Two output configurations for the guided power calculation in waveguides a and b
At the output, two structures are used to determine the guided powers in the two 
waveguides (Figure 4.13). For the first structure (Figure 4.13(a)) boundary conditions at 
the output are similar to those at the input:
+ av Ej, oa E fl + E a/. (4.80)
(4.81)
If (4.80) is cross multiplied by xH„* and (4.81) by Efl*x, and the two equations added, by 
using the orthogonality between the guided mode and radiation modes in waveguide a , we 
can get the expression for oa:
°a = %  (L ) ~  j f o  x H l  + K  x H ~  _ dxdy + o f  ( E ) i  J[e,7 x * + E  * x # ,7  ^  dxdy . (4.82)
Similarly, for the output o f  the second structure (Figure 4.13(b)):
ajuE ju + av E^ =0bEtb + Ebr (4.83)
a~H~ + a 'U ;, = obU b + H br (4.84)
ob = a~ (E)i  J[e~ xH*b +E*b x H ~  zdxdy + a~ (E ) j  J[e~ xH*b +E*b x H f  z dxdy . (4.85)
Powers at the output are then given by:
PaV-y= k f  
m ) = \ o bf
(4.86)
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and the coupling efficiency o f  the GADC can be obtained.
The TMM is accurate only i f  the perturbation is weak. The radiation loss calculated by 
TMM is usually overestimated. Even for small perturbations, the coupling length and 
efficiency are different from those obtained by methods based 011 the exact solutions. 
Therefore, more complex Floquet-Bloch theoiy can be used to determine these parameters 
with high accuracy.
4 .5  F l o q u e t - B l o c h  T h e o r y
According to the Floquet-Bloch theoiy (FBT), i f  a plane wave propagates in an infinite 
unbounded periodic medium, the complete field pattern should consist o f an infinite 
number o f  spatial harmonics. An ay-jB diagram for a typical dielectric waveguide, without 
a grating, is shown in Figure 4.14. Modes A  and B (curves in solid lines) are the first two 
(zero and the first order) modes o f the waveguide without the grating. If the grating is 
incorporated there w ill be an infinite number o f  sets o f  additional curves, each displaced 
by an amount o f  Kg=2n/A where A  is the grating period. In Figure 4.14 only one 
additional set o f  curves is shown (in normal thickness). When two spatial harmonics 
intersect (Figure 4.14) strong coupling occurs leading to power transfer between the 
modes. At the intersection points (lower inset in Figure 4.14), the amplitudes o f the two 
harmonics become dominant. The dispersion curves o f two coupled modes can be 
calculated using the Floquet-Bloch theoiy. Figure 4.15 represents the typical propagation 
constants o f  two interacting Floquet-Bloch modes A and B as a function o f  the grating 
period. The two curves in Figure 4.15 correspond to p j  and P\ where p j  indicates the 
real part o f  the propagation constant o f  the 77=0 spatial harmonic for mode A, and P\B is 
that o f  the n- 1 spatial harmonic for mode B. To have strong coupling between two 
interacting modes, there must be phase matching between at least one space harmonic o f  
one mode with another space harmonic o f  the interacting mode, and the intensity 
distribution o f  the two modes must be similar (as close as possible). The first condition is 
met when the grating period A satisfies
K g = T = P /<4 -87)
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where 8  is the deviation wavenumber from the nominal resonant condition Kg-/3,oA-/?oB,
i.e., the requirement for the phase match condition. The second condition is met when 8  is 
minimum.
Figure 4.14. Codirectional interaction between two space harmonics. Mode A indicates the zero 
order mode, and mode B is the first-order mode. The top inset shows the phase matching 
condition, The bottom inset shows the mode interaction at resonance.
A
Figure 4.15. Normalised real part o f propagation constant vs grating period 
for two interacting modes
In this section a brief description o f  the Floquet-Bloch theory (FBT) for a general 
structure consisting o f s layers (Figure 4.16) is given. It is assumed that the field is
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invariant in the y-direction, and dielectric materials in each layer are isotropic, 
homogeneous and lossless.
Layer 1 
Layer 2
layer k
Layer k+1
-►Z
Layer s
Figure 4.16. The basic geometiy o f the multilayer waveguide 
The field in each layer satisfies the scalar Helmholtz equation (wave equation)
S 1F j{x ,z) + k 1j F j (x,z)  = 0 (4.88)
that is
a 2
K8x2 + dz2 ,
Fj (x, z) + Sjh0 Fj (x, z) = 0 (4.89)
where Fj is the appropriate field component (Ff=Eyj for TE polarisation, and Ff=Hyj for 
TM polarisation), ko=-2n/X is the free space wavenumber, £j is the dielectric constant (j 
designates theyth layer). The presence o f  the grating physically induces a large number o f  
space harmonics, and hence the solution o f  the differential equation (4.89) for the grating 
layer can be written in the Floquet-Bloch form [4.23] as:
uu
Fj (x , z )  = Y Jfft\x )Q X ip (-ik znz) (4.90)
where f iP  is x-dependent nth space harmonic amplitude function, and kzn is the complex 
propagation constant along z o f  the nth spatial harmonic given by
kzn pz0 +
2 Ten 
~A~
= p n + ia  = (P  + nK ) + ia (4. 91)
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where kzo refers to the zero-order mode o f the perturbed structure, fin is the real part o f  kzn, 
and a  (a<0) is the imaginary part o f  kZHi that is the attenuation constant (leakage) o f  the 
guided-wave power into the substrate and superstrate.
Each space harmonic must also satisfy M axwell’s equations in the layers above and below  
the grating, and therefore the TMM can be used for solving (4.89), which can be 
converted to
complex transverse wavenumber ( wavenumber along x), equation (4.92) becomes
In order to obtain physically meaningful solutions it is important to carefully choose the
conditions on each surface, hi other words, the fields as well as their derivatives must be 
continuous at the boundaries:
(4.92)
If the expression in the brackets is denoted by kxn^ =  ±(Sjk02-kzu2)]/2, which represents the
(4.93)
signs o f  kxu(]) and kxlp \
The solutions o f (4.93) are given by
bn} exp(-z7c£}x), 7 = 1 
/ i °  = ‘ exp( i k ^ x )  + b[j) exp( - i lc ^ x ) , j  + 1 ,/c,5 
ais) exp(ik(xsJx ), j  = s
(4.94)
where a„® and bn(i) are amplitude coefficients. These solutions must fulfil the boundary
f n J)(x) = f n J+])(x) , x  = Xj (7 *  k - 1 ,k )
forTE (4.95)
dx dx
If A,®  and A,P+I^  are the amplitude coefficient vectors o f  layers j  and j+ 1  o f  the zzth space 
hannonic
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a CO -  
-
JJ)
fl
b U )
L ll
a ! / +1) =
a V + »u n
6,(/+1)
(4 .96)
and at the boundary x=xj we have
t ^ a ?9 = m |/+1)a 5/+1)
where T„ and are 2x2 transfer matrices given by
tO) =
x n
(4 .97)
exp iikfxj) exp ( - i k j £ x j )
e x P Wxn xi)  -  ikm e x p ( -  ikxn xj )_
exp (ikffxj) exp(- ikff Xj)
ilcff exp(i4 /,+1)x,) - i / 4 r °
(4 .98)
for T E  polarisation, and by
T  (/) = 
h
m 9 +1)
ikiP expu
,) exp {-ik
rnxi) - ‘Es-exp {-il
exp
i k i i +''>
exp
ikii+l)
( - i k f f x j )
■exp(/^+l,x,) - A m — exp(-ikffxj)
£ j +1 G j +1
(4 .99)
for TM  polarisation.
Applying TMM in the x-direction, amplitude coefficient for /c-1 layer can be obtained
=> A(f-|>=(M(f-|>fT,f-2)A<f-2>
A ( * - l )  = s ( « ) A ( f - 2 ) = s ; , t _ 2 ) S ® A ®  =  S „ A < I) 
where Su is 2x2 transfer matrix between and A n(1). Finally
a - 1)= S = s„ n E )
s „22b IP
(4 .100)
because a,ff=0. Similarly, we can get expression for A n(hy l)\
A (*+0 = R  A (ri =T* 11 XVijxVt, *
r,a
(4.101)
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where R„ is 2x2 transfer matrix between A,[k+I) and A n(s).
The permittivity function is periodical along z only in the grating region, and it can be 
written according to the Fourier series expansion as
s(x, z) =  X  sn (x) expj
V A  * 
^(x,z)_1 =Xf»(x)ex
(4 .102)
where n denotes the nth space harmonic, and
^ + A /2
sn(x) =  — Jff(x,z)exp(-i2^rnz/A)dz (4 .103)
A  - A /2
is the nth series coefficient.
Instead of solving the Helmholtz equation, which is a second order differential equation, it 
is better to use the equivalent first order Maxwell’s equations for the grating because we 
have a number of spatial harmonics
£ =eG^  (4.104)
^ .  =  P F  
dx
where F —Ey, G = H Z for TE  modes, and F = H y, G~EZ for TM modes. These fields can be 
expressed, in accordance with FBT, as
00
F  =  Fk(x,z) = '^fl^ \x)exp(-ikznz)
11——GO
00 (4 .105)
G  = G k (x, z)= Y  gft (x) exp(-z'/cz„z)
Of course, the infinite number of spatial harmonics must be truncated. It is therefore 
important to determine the significant harmonics. Let us assume that l=pj+p2+ 1 is the 
number of significant harmonics. If  (4 .105) is substituted into (4 .104) we get
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^ ^  = Q(*ro)BWdx
d % ( x )
dx
(4. 106)
= P(/cz0)f(x)
where k2g is the propagation constant of the zero order spatial harmonic. Here, vectors f(x) 
and g(x) are given by
g W  = [ g L  (*)> g-p,+i (*)>• • •go‘)00>- •
(4 .107)
while / x / (/=/?;+/?2+ l)  matrices P(/czo) and Q(/czo) have the following matrix elements
P n  d i J0)So
r k  ^l ',zn
V /c0 J
8 — su n m  °n-i (TE modes) (4 .108)
C —
° n m
f k k ^n'znn'zm
*o
(TM modes)
(4 .109)
<lnm = -  j  Snm (T E  modes)
qnm =  j ® so sn-m ( ™  modes)
(4.110)
In (4.108)-(4 .110) 8nm represents the Kronecker’s delta function
1 n  =  m  
In0 n ^ m
Equation (4 .106) can be reduced to
d ~t(x) 0 Qfco)" ■f(x)
dx _g(x)_ 0 _g(x)
or
d_
dx
t(x)
gO)
- A (7czo)
f(x)
g0 )
(4 .111)
The last equation can be solved by the Runge-Kutta or Adams-Moulton method, and it 
gives the field values within the grating region in terms of the field values at the grating
127
4 Theoiy
boundary. Therefore, by matching the boundary conditions at both grating layer interfaces 
it is possible to obtain a characteristic equation, that gives the propagation constants for 
the modes of the structure
D f e o ) f f r -l)  = 0 (4 .112)
where D(/cz0) is a / x  / matrix and the unknown variable kzo is the complex propagation 
constant. The system of linear equations will have a nontrivial solution when the 
determinant of matrix D (kzo) is equal to zero. Therefore, the equation
det[Dfe0)] = 0 (4 .113)
will give the propagation constants for the modes of the structure. The Floquet amplitudes 
for the field distribution can then be found from (4 .112).
Although there is an infinite number of space harmonics (assuming that the grating is of 
infinite length), usually just two guided space harmonics have significant amplitudes, n =  
0,-1 for mode A, and n: =  1, 0 for mode B. If  we assume that harmonics n=0 for mode A 
and n=\ for mode B  are similar and localised mainly in the first subwaveguide 
(waveguide A  with larger refractive index), and harmonics n=-1 for mode A  and n=0 for 
mode B  have also similar field distribution, but out of phase, localised in the second 
subwaveguide (waveguide B ). That means that the two modes can be superimposed to 
give an initial excitation in waveguide A. As a result of different phase velocities, their 
relative phases will reverse at a distance called the coupling length, such that the most of 
the intensity is now in waveguide B.
The coupling depends on the combination of the difference between propagation 
constants /?0A and fi\B and the attenuation coefficients of the modes. In many cases modal 
attenuation is a dominant factor resulting in low power transfer. When one mode 
attenuates much faster than the second, it is difficult to achieve high power transfer 
efficiency. The attenuation of the Floquet-Bloch modes plays a significant role in 
determining the optimum coupling length in grating couplers.
The field distributions of the two Floquet-Bloch modes evolve as the oy-(3 plot progresses 
through resonance. There is a single point where both modes have the same group 
velocity and the deviation wavenumber is minimized. This implies that they have almost 
equal intensity shapes, and a linear combination of the modes produces a distribution of
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power that is concentrated in one waveguide. Therefore, to find the maximum coupling, 
the attenuation characteristics of the two modes must be evaluated.
Finally, knowing the deviation number 5  and attenuation a  for each mode (assuming 
equal attenuation), optimum coupling length L c can be calculated from an approximate 
transcendental equation [4 .24]
tg
8 LC
\
A  • (4 .114)
2 a
It is interesting to note that the FBT approach can be seen as a generalisation of the CM T  
where leaky modes instead of local guided modes are used [4 .24],
4.6 Summary
Several methods for calculating properties of optical waveguides have been presented in 
this chapter. Solving Maxwell equations for the structure gives accurate solution of the 
problem, but that can be both time and memory consuming process. Therefore other 
approximation methods are employed.
One of them is the Coupled Mode Theoiy. Because of its mathematical simplicity and 
physical intuitiveness, the CM T has become a veiy popular approach. It is based on the 
assumption that transverse field distribution of several parallel channels can be 
approximated, at any point along the propagation direction, by a linear combination of the 
separate transverse field solutions of each channel. These solutions are obtained by 
“erasing” the neighbouring channels from the transverse index profile of the whole 
structure. The main motivation behind this approach is that it is much easier to solve, 
sometimes analytically, the modal field and propagation constants of the separate 
waveguides, and then calculate the total field and propagation constants of the whole 
structure in terms of these results, rather than to analyse numerically the whole structure. 
However, this method can be applied in the analysis of the grating-assisted directional 
coupler only when the perturbation is weak. It may be also difficult to estimate the 
radiation loss due to the periodic grating in the CM T. The Transfer Matrix Method using 
the mode matching technique can solve this problem. It is based on local normal modes 
and it is quite a simple method for implementation. Nevertheless, this method is not
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accurate for higher gratings and it has been shown that the radiation loss is usually 
overestimated. The Floquet-Bloch method is more complex than the previous two, but can 
be used for accurate calculation of the field profiles, propagation constants, grating period, 
and coupling length of the G AD C. hi FB T we assume that the grating is infinite in length 
(i.e., the length is much larger then the wavelength) and therefore, the number of spatial 
harmonics is infinite as well. If  we significantly reduce the length of the structure, such 
that L » A , is no longer valid, FB T  is no longer accurate and so with reducing length, the 
number of approximations used increases.
It is clear that there is no universal calculation method which can be used in all situations. 
Also, there is no approximation free method except the one based on solving exact 
Maxwell equations, which can be veiy difficult to implement in some cases. Therefore a 
method used for the design of an integrated optical circuit should have accuracy which is 
equal to the fabrication tolerance.
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5  D e s i g n  o f  D G A D C
5.1 Introduction
This project is concerned with the development of a coupler for small waveguides 
(<lpm). hi the previous chapters different approaches and theories have been presented, 
hi this chapter, design of a grating based directional coupler is given, and the influence of 
different parameters investigated. The author has invented an original approach and 
written a programme based 011 theoretical methods presented in the previous chapter, 
which served, together with other in-house and commercial software packages, for 
detailed analysis of the novel device.
A  grating-assisted directional coupler (GADC) shown in Figure 5.1 was first considered. 
It consists of a thick Si0 2 waveguide, a grating, and an SOI waveguide. As it has been 
shown that SOI optical phase modulators based on «lpm  thick overlayers could work in 
GHz regime [5.1], the thickness of the Si layer was chosen to be around lpm.
Figure 5.1. Proposed grating-assisted coupling
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The coupler was analysed theoretically and the coupling to the fundamental SOI mode 
was found to be quite poor, which could be expected knowing the work of Butler’s group
[5.2]. A  good coupling efficiency could only be achieved for the power transfer from the 
fundamental mode of the thick Si0 2 waveguide to a higher order mode of the SOI 
waveguide.
5.2 A novel approach
The work discussed in 5.1 and the work of Butler at al., [5.2] actually showed that G A D C  
cannot be used for coupling a fibre with a thin semiconductor waveguide, because it is 
impractical for commercial applications and the efficiency is only 40%  at best. To solve 
this problem, a new approach had to be developed. As the difference between the thick 
oxide layer, which should provide low coupling loss when butt-coupled with an optical 
fibre, and the thin silicon waveguide is very large both in refractive index and dimensions 
(Figure 5.1), the author investigated possibility of gradually coupling light using an 
intermediate layer. That layer should bridge the gap between the two different waveguides 
and provide efficient transfer of optical power from the fibre to the silicon layer. That 
would consequently lead to a double-grating device, where the first grating-assisted 
directional coupling would occur between the thick waveguide and the intermediate one, 
while the transfer from the intermediate layer to the silicon waveguide would occur via 
the second grating. The best material to bridge that gap in silicon technology seemed to be 
silicon nitride, with refractive index of ~2, while the thick waveguide could be made of 
silicon oxynitride, which refractive index can be varied within the 1.45-2 range. As a 
result the author came up with the novel approach, that of the Dual Grating-Assisted 
Directional Coupler (DGADC) [5.3] (Figure 5.2), which has better coupling efficiency by 
more than 100%  and fabrication tolerances by two orders of magnitude than previous 
grating-based solutions [5.4]. The coupler comprises the following: a ~5pm thick input 
layer (waveguide 1) with refractive index very close to the refractive index of optical 
fibres, two gratings (grating 1 and grating 2), waveguide 3, and semiconductor waveguide 
2. The light from waveguide 1 is coupled to waveguide 3 using grating 1, and after that to 
the semiconductor layer using grating 2 . Coupling lengths, periods, depths and duty cycles 
are generally different for the two gratings. The refractive index of waveguide 3 must be 
larger than that of waveguide 1, but less than the refractive index of waveguide 2.
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Waveguide 3 is crucial for the operation of the device, because it enables highly efficient 
coupling to occur at both gratings, consequently forming an efficient D G A D C. The 
isolation layer serves as the lower cladding layer, for isolation from the substrate, hence 
removing radiation losses.
Figure 5.2. Dual Grating-Assisted Directional Coupler (DGADC)
L-1 L2< ->  ^ >
Figure 5.3. DGADC in Silicon on Insulator (SOI)
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As this configuration is not ideal for implementation in SOI technology, the design in 
Figure 5.3 was considered. Nevertheless, the structure is quite complex and it is difficult 
to achieve a good levelling of the layers, precise deep etching to form the input waveguide 
etc. Therefore, a third D G A D C  design in SOI is shown in Figure 5.4 [5.5].
The thick input waveguide and the two separation layers are fabricated in SiON (Figure 
5.4) for refractive index control over a broad range (1.45-2). The top layer is 5pm thick 
with refractive index close to the refractive index of optical fibre, resulting in insertion 
loss < O.ldB [5.6]. A  fibre is butt coupled to the thick SiON waveguide and light is 
subsequently coupled to Si3N 4 using the first grating, and to the thin ( -1/4pm) SOI 
waveguide via the second grating. Silicon nitride waveguide bridges the gap between 
SiON and Si layers in both refractive index and thickness. The buried oxide layer serves 
as the lower cladding layer. The issues related to the fabrication of this device will be 
discussed in the next chapter.
Figure 5.4. Dual grating-assisted directional coupler in silicon on insulator technology>
5.3 Optimisation of the parameters
In this section the influence of different parameters on D G A D C  performance is analysed. 
Refractive indices and thicknesses are represented by n and /, respectively, while the
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following subscripts are used (refer to Figure 5.4): ‘w l’-thick SiON waveguide, ‘w2 ’-Si 
waveguide, ‘w3’-S i3N4 layer, ‘gap 1*-first separation SiON layer, ‘gap2 ’-second separation 
SiON layer, ‘gl*-first grating, and ‘g2 ’-second grating. Periods, coupling efficiencies and 
lengths of the two gratings are denoted by A\, ri2, rp, 7 /2 ,  L\, E2, respectively.
The thickness of the SOI layer was chosen to be « l /4pm to maintain the single mode 
condition. Moreover, a research activity dealing with « 1/4 pm SOI layers has been quite 
intensive recently (e.g. [5.7], [5.8]). SO ITEC provide SOI wafers of good quality using 
the Smart-Cut process, which is capable of producing SOI with flexibility and control of 
both the surface layer thickness and the buried oxide layer thickness, with uniformity of a 
few nanometres. Having chosen the SOI thickness we need to determine the buried oxide 
thickness that prevents leakage towards the substrate. Figure 5.5 shows the leakage as a 
function of the buried oxide layer thickness for fwi=5pm, «wi = l .478, Zgapi=0.15pm, 
^gapi^l-467, rW3=0.5pm, t7w3= 1.97, /gap2=0.2pm, ngap2= l .467, Zw2=230nm, and ww2=3.476. 
Three guiding structures have been considered: thick SiON waveguide, silicon nitride 
waveguide, and SOI waveguide, and both T E  and TM polarisations.
3 0 -
co
■ thick SiON waveguide (TE)
• thick SiON waveguide (TM)
★ Si3N4 waveguide (TE)
y Si3N4 waveguide (TM) 
o Si waveguide (TE)
< Si waveguide (TM)
0)O)
5 -
0 .5 1.0 1.5 2.0 2 .5 3 .0
buried oxide layer thickness (pm)
Figure 5.5. Leakage into substrate as a function o f  buried oxide layer thickness
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It can be seen that thicker buried oxide layers are required for TM  polarisation. The most 
critical waveguide in terms of the leakage is the thick SiON waveguide. A  buried oxide 
layer with thickness of 3pm limits the leakage to 0.02dB/cm for T E  and to 0.2dB/cm for 
TM  polarisation. As 3 pm is the maximum buried oxide layer thickness that SO ITEC  
provide, this value is used for the design.
5.3.1 Grating height
As the waveguides to be coupled have different thicknesses and refractive indices, 
gratings are needed to match the propagation constants. It is therefore natural to start the 
investigation of the influence of device parameters by calculating coupling efficiency and 
coupling length versus grating depth.
ooc
5’CQ
(D
3o
CD'
Z3o*<
-3
first grating depth H (nm)
Figure 5.6. Coupling length Lj and coupling efficiency 7], as functions of first grating depth H g,
Figure 5.6 and Figure 5.7 show power transfer between SiON and Si3N 4 waveguides, 7/ 1, 
and between Si3N 4 and Si, 7/2, respectively, as well as corresponding coupling lengths L\ 
and L 2, as functions of the first and second grating heights, H %\ (5- 150nm) and H g2 (5- 
30mn). Both coupling lengths decrease for deeper gratings. Coupling efficiencies also
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decrease, which is a result of the increase of grating radiation loss. High efficiencies 
(>95% )  are possible for both gratings.
ooc■O
5 'co
CP3o
cd'3o*<
second grating height Hg2 (nm)
Figure 5.7. Coupling length L2 and coupling efficiency q2 
as functions of second grating depth H g2
first grating depth (nm)
Figure 5.8. Ratio rp/L, as a function o f  first grating depth HgJ
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A  striking contrast between the two coupling lengths is evident. While L\ is longer than 
1.5mm for efficiencies ?7i> 80% ,  L2 can be as low as 100 microns for the same range of 
efficiencies. Therefore, the “total coupling length” L\+L2 is dominated by L\. Hence, to 
make the device shorter it is essential to decrease L\. The second coupling length is much 
shorter than the first because silicon nitride and silicon waveguides are more similar in 
terms of the waveguide thickness than SiON and Si2N 4 waveguides. For H gi>35nm 
efficiency ?]\ is lower than 60%  (Figure 5.6) and therefore gratings deeper than 30nm are 
not considered in this work although a veiy useful ratio r/\/L\ has a peak at i / gi=65nm 
(Figure 5.8). For shallow gratings, however, the coupling length is quite large (e.g. for 
if gi<8nm coupling length is L i>4mm). As L2« L \  we can choose H g2 such that 7/2« l 00%  
(Figure 5.7), resulting in just a small increase in the total coupling length, L\+L2.
5.3.2 PECVD and LPCVD silicon nitride
A ll silicon oxynitride and nitride layers can be fabricated using PEC V D  (Plasma 
Enhanced Chemical Vapour Deposition). Silicon nitride can be also deposited by LP C V D  
(Low Pressure CVD ) method. It is interesting to see which layer, PE C V D  or LPC V D , 
would give better coupler performance. This is shown in Figure 5.9-Figure 5.11, where 
the power transfer between SiON and Si2N 4 waveguides is investigating against silicon 
nitride thickness for three different grating depths H gi of lOmu, 20nm and 30nm.
The values of 1.97 and 2.00 are used for the refractive indices of P E C V D  and LP C V D  
silicon nitride, respectively. These values are based on the measurements performed (see 
next chapter). The coupling efficiency for P EC V D  nitride is generally slightly higher 
(Figure 5.9), and the same applies for the coupling length (Figure 5.10). As coupling 
efficiencies and coupling lengths were similar for the two nitrides, we can use the ratio 
coupling efficiency/coupling length (rj/L) as a figure of merit for this case.
For /W3<0.51|iim the ratio r/\/L\ is higher if  silicon nitride is deposited by LPC V D , for all 
three grating heights (Figure 5.11). However, annealing can be used for reducing 
propagation loss of SiON and Si2N4 [5.9] and it is certainly advantageous if  all the layers 
involved are deposited by the same technique. This would provide that changes in 
thickness and refractive index are similar for all the layers [5.9].
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Moreover, LP C V D  is not suitable for deposition of thick silicon nitride layers [5.10] and 
PE C V D  silicon nitride is less stressy [5.11]. Therefore, the value 7iW3= 1.97  is used in the 
further calculations corresponding to P E C V D  deposited SisN4. It is worth noting that the 
power transfer from the silicon nitride to the silicon waveguide is not significantly 
influenced by the change in silicon nitride refractive index from 1.97 to 2.00.
5.3.3 Silicon oxynitride
The difference between the refractive indices of the two top SiON layers should be in the 
range 0.005-0.020 to provide efficient transfer of the optical power between the thick 
SiON waveguide and the Si3N 4 waveguide. PE C V D  can be used for the fabrication of 
SiON layers with such small refractive index differences [5.9]. It has been shown that it is 
possible to accurately control the refractive index of SiON layers required for the 
D G A D C  (chapter 6).
There is a number of possible choices for the refractive index of the SiON layers in the 
D G A D C. The choice should be made according to coupling efficiency and length, the
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range of acceptable values of the refractive index, and the thickness uniformity of the 
layers, hi the examples in Figure 5.12, Figure 5.13, and Figure 5.14 three possible 
combinations for the refractive index of the two top SiON layers are shown, keeping the 
refractive index of the second gap layer to 1.467. The three combinations are: a) 
nwi=1.494, 7zgapi=T.487; b) wwi=1.487, «gapi=1.478; and c) wwi=1.478, T7gapt=1.467. These 
are the values that have been obtained during the investigation of the controllability and 
repeatability of P E C V D  SiON deposition. More on this can be found in chapter 6.
Figure 5.12 shows coupling efficiency Tj\ as a function of silicon nitride thickness. For 
thicknesses below 0.46 pm, the combination 1.478/1.467 has the highest efficiency, 
whilst beyond this value it has the lowest efficiency. This combination of refractive 
indices has the shortest coupling length, as can be seen in Figure 5.13.
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Figure 5.12. Coupling efficiency ip versus Si3N 4 waveguide thickness tw3for three different 
combinations of top and gap SiON layer refractive indices
As we are primarily interested in coupling efficiency the silicon nitride thickness range of 
interest is /w3=0.45-0.50pm (Figure 5.12). hr that range 771 for the three combinations is 
within a few percent and L\ is also similar. Therefore, it is interesting to see the ratio ip!L\ 
for the combinations (Figure 5.14). It is clear that the best solution is the 1.478/1.467
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combination because the ratio is largest for /w3<0.54pm. It has additional three 
advantages: 1 ) the uniformity of the layers is better as deposition involves higher N 2O gas 
flow rates; 2) fibre to waveguide insertion loss is smaller; and 3) the acceptable range of 
the SiON layer refractive index difference is the largest (0.005-0.030). Consequently, the 
combination «wi=1.478, /zgapi= 1.467 is used throughout the chapter.
silicon nitride thickness (pm)
Figure 5.13. Coupling length Lt versus Si3N 4 waveguide thickness tw3for three different 
combinations of top and gap SiON layer refractive indices
Naturally, the next parameter that needs to be investigated is refractive index of the 
second gap layer ngaP2. Figure 5.15 and Figure 5.16 give dependence of 771, L\, and rj\IL\ 
on the first gap layer thickness /gapi for two values of «gap2. The first value considered is 
MgBP2= 1.467 which is the same as of the first gap layer. The second value is ngap2= 1 .447, 
that is the refractive index of oxide. Coupling efficiencies are within a few percent while 
L\, for wgap2= 1 .447, is longer for the whole range of /gapi (Figure 5.15). From Figure 5.15 
and Figure 5.16 it is obvious that smaller thicknesses of the first gap layer are preferable, 
while «gap2= 1-467 is a better choice for the refractive index because it provides shorter 
coupling length and higher ratio rj\/L\ (Figure 5.16).
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silicon nitride thickness (pm)
Figure 5.14. Ratio ip/Lt versus Si3N 4 waveguide thickness tw3for three different combinations of
top and gap SiON layer refractive indices
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first gap layer thickness (pm)
Figure 5.16. ry/Li versus first gap layer thickness tgapifor three different combinations 
of top and gap SiON layer refractive indices
There is an additional fabrication advantage for wgap2= 1.467 in having just two SiON  
deposition recipes for the entire coupler, one for nwi= 1.478 and the other for 
«gaPi=«gaP2= l -467. Higher refractive indices (e.g., 7igap2> 1 .5) will result in poorer optical 
confinement within nitride layer, and consequently in lower ?/i.
As for the coupling efficiency of optical power transfer between Si3N 4 and Si waveguides, 
a change in ngap2 does not affect it significantly (Figure 5.17). The same is true for the 
coupling length L2 and the second grating period A 2, and this is clearly demonstrated in 
Figure 5.18 where the change in « gap2 from 1.447 to 1.800 results in a decrease of L 2 from 
0.285mm to 0.207mm, and an increase of A 2 from 1.396pm to 1.416pm. Despite the fact 
that L 2 decreases for larger izgap2, larger values of SiON refractive index are not desirable 
since the PE C V D  layers with refractive indices higher than 1.6 can crack after annealing
[5.10].
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second gap layer refractive index
Figure 5.17. Coupling efficiency i]2 does not change much for 
a broad range of second gap refractive index
second gap layer refractive index
Figure 5.18. Second grating period A2 and coupling length L2 
as functions of second gap refractive index
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5.3.4 Grating position and nitride thickness
Figure 5.19 and Figure 5.20 show rj2, L2, and 7]2!L2 as functions of the second gap layer 
thickness. We can again see that smaller thickness improves all three values, which is 
expected. It is worth noting that coupling efficiency ij2 can approach 100%  (Figure 5.19). 
The most important conclusion is that the gratings should be patterned on the layer with 
higher refractive index to aid power transfer. Not only is the coupling efficiency higher 
(Figure 5.19) but the coupling length, in this example L2, can be more than an order of 
magnitude shorter, consequently giving rise to the large variation in the ratio 7]2!L2 (Figure 
5.20). Therefore the first grating should be patterned on SisN4, and the second on Si.
Finally, as the silicon nitride waveguide is crucial for the operation of D G A D C, it is 
interesting to see the influence of the silicon nitride thickness on the total coupling 
efficiency and total coupling length, which we define as 7i[ot=?hx?]2, and L [ot=L\+L2, 
respectively. In practice, the total coupling efficiency will be reduced for the propagation, 
absorption and surface scattering losses. These losses are not included in the calculation 
presented here.
second gap layer thickness (pm)
Figure 5.19. Coupling efficiency r\2 versus second gap layer thickness 
for two positions of the second grating
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second gap layer thickness (pm)
Figure 5.20. Coupling length L2 and ratio rj2/L2 versus second gap layer thickness 
for two positions of the second grating
silicon nitride thickness (pm)
Figure 5.21. Total coupling efficiency r)Ix?]2 versus Si3N 4 waveguide thickness tw3 
for three different combinations of grating heights
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Coupling efficiency, length and the ratio 1]!L are analysed as functions of the thickness of 
silicon nitride for three different combinations of grating depths: a) / / gi=20nm, 
/Zg2= 10mn; b) / / gi=15nm, H g2= 10mn, and c) / / gi=10nm, H g2=7nm (Figm'e 5.21 and 
Figure 5.22). Maximum total coupling efficiency appears in the range 0 .45-0.47pm 
(Figure 5.21). There is a slight shift of the maximum efficiency towards thicker silicon 
nitride for higher gratings. Coupling efficiency is the highest for the shallowest gratings 
and can exceed 90%  (Figure 5.21). This, again, comes at the expense of longer coupling 
lengths.
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silicon nitride thickness (pm)
Figure 5.22. Total coupling length L1+L2 and ratio (?]ixtj2)/(T !±L2)  versus Si3N4 waveguide 
thickness tw3 for three different combinations of grating heights
Figure 5.22 gives the coupling length and the ratio rjm/Ltot for the three combinations. The 
coupling length decreases for thicker silicon nitride waveguides which is the result of 
better matching of SiON and S13N 4 waveguide thicknesses (L\ is much larger than L 2). 
However, coupling efficiency drops significantly after /w3=0.53pm so the ratio coupling 
efficiency/coupling length has a peak in the range 0.51-0.54pm, for the three examples in 
Figure 5.22. Significant decrease of the coupling length with the increase in grating height 
results in higher values of this ratio. The peak value of the ratio for the combination
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Z/gi=20nm, H &=lOnni is 41.34 and is centred at 0.51pm, while the combination with 
highest maximum coupling efficiency (//gi=10nm, H g2—7nm) has the peak of 28.47 
centred at 0.54pm. Higher gratings cause higher grating radiation loss but keep the length 
of the device short, therefore reducing the propagation loss.
5.3.5 SOI thickness
Section 5.3 started with an explanation why /Si~ l/4pm had been chosen. It is important, 
however, to see the influence of the thickness on coupling efficiency, length and grating 
period, and to determine the thickness of SOI wafers that needs to be used.
Figure 5.23 shows the influence of the silicon overlayer thickness on the coupling 
efficiency ?/2 and coupling length L 2. The efficiency rapidly drops, and the length rises for 
thinner waveguides. This could be expected because of the increase of the difference 
between nitride and silicon waveguide dimensions. Conversely the dimensions of the 
nitride waveguide (and other oxynitride layers) could be varied to optimise for different 
silicon layer thickness. Since the region /si~0.20-0.23pm has high efficiency and quite 
short length, it is a preferable thickness region.
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SOI waveguide thickness (pm)
Figure 5.23. Influence o f  SOI thickness on coupling efficiency rj2 and coupling length L2
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SOI waveguide thickness fiim)
Figure 5.24. SOI thickness is critical parameter for the operation of D G A D C
As scattering loss is proportional to cl3, where d is half thickness of the waveguide, it is 
better to have a thicker waveguide. On the other hand, thicker waveguide can be 
multimode. That is why the thickness of fw2=230nm, which represents a good trade-off, 
has been used in the calculations.
Figure 5.24 shows that the grating period / 12 depends significantly on the value of fo. The 
grating period is one of the key parameters and its tolerance is discussed later. The slope 
of the curve is larger for thinner SOI layers, hence making /si=0.23pm a good choice.
5.3.6 3D aspects of design
The analysis developed by the TM M  (or FBT) approach is intrinsically 2D, assuming a 
D G A D C  as a planar waveguide. Thus, the influence of the third dimension has been taken 
into account by the 3D finite element method (FEM), regarding both the fibre-DGADC 
coupling and the effect of the etched D G A D C  transverse size on the resonance condition. 
It have been found that structures with optimized parameters, i.e., Zwi=5pm, « wi= 1 .4 7 8 ,  
/gapi= 0 .1 5 p m , « ga p i= 1 .4 6 7 , /W3 = 0 .5 p m , wW3 = 1 .9 7 , /gap2=0.2pm, « gap2= 1 .4 6 7 ,  can minimise 
the insertion loss of the fibre-DGADC coupling to about O.OSdB. Moreover, it have been
152
5 Design of D G A D C
noted that etched structure widths larger than 10 pm can be well approximated with a 
planar one, i.e., the resonance condition induced by the grating and accurately predicted 
by FBT does not significantly change. As an example, Table I shows a comparison of 
effective indices of modes A  and B, exchanging power in each coupling section (I, from 
fibre to Si3N4 layer and II, from Si3N 4 layer to Si waveguide) and the relevant grating 
period, as calculated by 3D FEM  and TMM. The following set of parameters /wi=5pm, 
/iwi=T.477, /gapi=0.15pm, «gapi = l .467, /w3=0.5pm, rcw3= 1.967, /gap2=0.2pm, zzgap2= l .467, 
/w2=230nm, and /7w2=3.476, have been used. 20nm etch depths are assumed for both 
gratings.
Table 5.1. Comparison between 2D  and 3D  models
Infinite width, section I 
TMM FEM A (pm)
1.773102 (mode A, TE) 
1.470913 (mode B, TE) 
1.701602 (A, TM) 
1.470723 (B, TM)
1.772420 (A, TE) 
1.470390 (B, TE) 
1.701935 (A, TM) 
1.470456 (B, TM)
5.129 (TE)
5.132 (TE, FEM) 
6.713(TM, FEM) 
6.696 (TM)
Infinite width, section II 
TMM FEM A (pm)
2.872528 (A, TE) 
1.762841 (B, TE) 
2.109785 (A, TM) 
1.685693 (B, TM)
2.835604 (A, TE) 
1.761154 (B, TE) 
2.103104 (A, TM) 
1.679123 (B, TM)
1.397 (TE)
1.442 (TE, FEM) 
3.655 (TM, FEM) 
3.654 (TM)
Etched DGADC structure (width =10  pm) 
Section I (FEM) Section II (FEM) A (pm)
1.770601 (A, TE)
1.468370 (B,TE) 
1.699468 (A, TM) 
1.468590 (B, TM)
2.833851 (A, TE) 
1.759360 (B,TE)
2.102132 (A, TM) 
1.678622 (B, TM)
5.131 (I, TE) 
6.713 (I, TM) 
1.442 (E, TE) 
3.659 (E, TM)
An etch depth of 6.08pm and 1.08pm has been assumed in the sections I and II, 
respectively (up to the Si0 2 buffer layer). It have been noted that the etching reduces both
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indices, but the relevant grating period still remains quasi constant. In passing it can be 
noticed that the response of each polarisation is different in each grating. Therefore the 
devices will couple only light of a single polarization. Thus, to make the device 
polarization independent, two gratings for the first section (previously a single grating) 
and two for the second (also previously a single grating) can be fabricated, having 
appropriate periods as in the Table 5.1 for example.
hi conclusion, the design parameters of section I have been appropriately chosen to satisfy 
as much as possible the synchronous condition at the fibre-DGADC interface, having 
good field profile overlap. With respect to the etching width, small corrections to the 
grating period must be provided when the transverse width is less than 10pm. High field 
overlap has been also obtained in the intermediate region between the sections I and II. 
Analogous calculations of grating period carried out by FBT give the same results, and the 
differences between these and predictions from TMM are negligible.
5.4 Fabrication toierances, spectral and polarisation 
characteristics
5.4.1 influence of grating fabrication tolerance
The fabrication tolerance is a critical aspect of this kind of devices and it has been 
investigated in detail by FBT approach. To this aim, the TMM approach cannot be used 
because the influence of grating on the field profile is insufficiently accurate. At first, the 
resonance grating period and the coupling length for section I have been evaluated by FBT  
and TMM, for two thicknesses of silicon nitride layer (500 and 510nm) and TE  
polarisation. Results give A = 5.029pm and length equal to 293 periods by TMM and 
yl=5.028pm and L=275 periods by FB T for a silicon nitride thickness of 510mn. For a 
silicon nitride layer thickness of 500mn the results change to zl=5.095pm and Z,=316 
periods by TM M  and 5.095pm and L =270 periods by FBT. It is clear that this comparison 
confirms the high accuracy of the resonance period evaluated by TMM, as expected for 
shallow gratings, the relative error being less than 0.02% .  However, it can be noted that 
the grating length predicted by TM M  is rather approximate, and corrections must be used 
as derived by FBT. This is important because the TMM approach tends to overestimate
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the losses induced at the grating interface discontinuities, so underestimating the resultant 
coupling efficiency. Figure 5.25 shows the influence of grating period tolerance on the 
coupling efficiency evaluated by FB T for the different lengths predicted by the two 
methods. It is clear that a significant difference in coupling length (as predicted by the 
different theoretical approaches) results in a significant difference in the coupling 
efficiency, as can be seen in both cases, for 510mn and, particularly for 500mn of silicon 
nitride thickness. The tolerance of average period over the grating length is rather large, at 
about lOrnn in both cases, i.e., two orders of magnitude better than that evaluated in [5.2],
The physical mechanism of power coupling from the SiON top layer to the silicon nitride 
layer is dominated by the +1 space harmonic of mode B, i.e., by the field component 
confined in the SisN4 layer when the optical power is mainly guided by the SiON top 
layer. Therefore, the change of this component with the grating period will determine the 
coupler fabrication tolerance and also its spectral behaviour.
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Figure 5.25. Coupling efficiency versus grating period for different silicon nitride thickness 
and duty cycle 0.55, as evaluated by FBT and T M M
The resonance condition of the coupler occurs when the two modes exchanging power (A 
and B) have very similar effective indices and mode leakage losses, as can be seen in 
Figure 5.26, where the loss is about 0.18dB/mm in both cases. The main space harmonics
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radiating power towards the air or the substrate are -2 and -3 for mode A  and -1 and -2 for 
mode B, respectively.
£
E
m
S-
w<*>o
0
0 3
co_y:co0
0
-a
o
E
0.30 i
0.25-
0.20-
0.15-
0.10-
0.05
\ / 
V
r \
★
*
*
*
*
i \
I  3
J
5.02 5.03 5.04 5.05 5.06 5.07 5.08 5.09 5.10 5.11
grating period A1 (pm)
Figure 5.26. Mode leakage loss versus grating period for 
500 and 510nm silicon nitride thichiesses
100-
90-
S’c0
o
0
COc
Q.C3O
O
70-
60-
50-
40-
30-
20-
10-
-■-0.50 FBT 
—•— 0.55 FBT 
—A— 0.60 FBT 
-▼-0.65 FBT 
0.50 TIVBVI 
— I—  0.55 TMM 
—X— 0.60 TMM 
0.65 TMM
5.090 5.092 5.094 5.096 5.098 5.100 5.102 5.104 5.106 5.108
Grating period (pm)
Figure 5.27. Coupling efficiency versus first grating period for different duty cycles 
and 500nm silicon nitride thickness, evaluated by FBT and T M M
156
5 Design of D G A D C
Finally, an investigation of the influence of the grating duty cycle on the coupling 
efficiency has been performed, hi Figure 5.27 the coupling efficiency is sketched as a 
function of the first grating period by using duty cycles of 0.50, 0.55, 0.60 and 0.65 for 
500nm of silicon nitride waveguide thickness. The efficiency increases with increasing 
duty cycle in this range, hi addition, fabrication tolerance of the grating period is 
improved for higher duty cycle. As the TM M  usually over estimates radiation loss, 
coupling efficiency obtained by the FBT are higher. For the second grating, analogous 
calculations have shown a tolerance better than lOmn (Figure 5.28).
Grating period (pm)
Figure 5.28. Coupling efficiency, calculated both by FBT and TMM, 
as a fun ction of the second grating period, for different duty cycles
5.4.2 Polarisation
Grating-based devices are sensitive to the field polarisation. Therefore, a choice of 
polarisation (TE or TM) must be made prior to the optimisation of the device parameters. 
The former polarisation (TE) is easier to consider, because the field components have all 
the first derivatives continuous at each interface. This is not the case for TM  polarisation.
However, for commercial applications it is important that the device is polarisation 
independent. This is most easily achieved by the use a double grating in each section 
(Figure 5.29). The first grating in each section could be optimized for T E  and the second 
for TM. Periods for the two polarisations are quite different resulting in each grating
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aiding power transfer of only one polarisation. The Finite Element Method (FEM) has 
been used to calculate periods for a 10pm wide D G A D C. The values obtained are: 
/ l iTE=5.18pm, A i™ = 6.71pm, A 2TE= 1.44pm, and A 2™ = 3.66pm. This solution would 
obviously have larger coupling length, higher losses, and more complex fabrication, than 
a single polarisation device.
Figure 5.29. Configuration of D G A D C  enabling coupling of both polarisations 
5.4.3 Spectral characteristics
The spectral dependence of section I  (the first grating) of the D G A D C  has been also 
investigated by FBT. Figure 5.30 shows the coupling efficiency dependence of the 
wavelength deviation from the resonance condition (/L=1.55pm) in the cases of silicon 
nitride waveguide thickness’ of 500mn (yl=5.095pm), and 510nm (/1=5.029pm). 
Although both curves show the typical sine2 (X) profile, we note a larger bandwidth in the 
former case than in the latter, the FW HM  value being about 16A instead of 10A, making 
the design and fabrication procedures easier. This characteristic depends on the particular 
field distribution of the space harmonics in the grating region. Analogous calculations for 
section II have given similar results. The index dispersion can be considered as a second 
order effect and has been neglected in these calculations.
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wavelength deviation from resonance (Angstroms)
Figure 5.30. Coupling efficiency dependen ce on wavelength for 
two thicknesses of the silicon nitride layer
wavelength (nm)
Figure 5.31. The first grating spectrum can be 4nm broader 
due to changes in duty cycle and layers’ parameters
• * » » • 0 The spectral characteristic of the D G A D C  is given by a smc (l/z)-like function, which
depends on the length of the two gratings: the longer the gratings, the narrower the
bandwidth, with typical side lobe suppression ratio of - 14dB and 3dB bandwidth of the
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order of 2.12nm (for Z=lmm). If  there is a need to improve wavelength selectivity of the 
device, similarly to DW DM  filters, apodised gratings can be used [5.12],
The FW HM  of the second grating spectrum is theoretically wider with values around 
lOmn. The width of the two grating spectra can be increased if  the duty cycle is changed, 
or if  chirping is employed, or if  there is a variation in layers thickness. One such example 
is sketched in Figure 5.31, where both the SiON and Si3N4 layer thicknesses were reduced 
and larger duty cycle («0.60) employed.
5.5 Temperature dependence
If  the D G A D C  is to be employed in an integrated circuit, it should ideally not be highly 
temperature dependent, hi a microprocessor environment, the temperature reaches 80- 
85°C  [5.13]. hi this section, temperature dependence of the D G A D C  is estimated, taking 
into account the above mentioned temperature, i.e., a temperature increase of 50K  above 
the room temperature is considered.
The following thermo-optic coefficients have been used in the calculation:
PsiCB =  PsiON =  Psi3N4 =  10'5 IC 1 [5.14] 
ps, =  1.86x l0‘4 K "1 [5.15, 5.14]
As the thermo-optic coefficients of silicon oxynitride and silicon nitride are identical, 
there should not be any significant changes in the coupling efficiency and resonant peak 
position for the first grating. Calculation confirms this expectation. For the standard set of 
layer refractive indices and thicknesses, and for a 5OK increase in temperature, the 
resonant peak shifts only by 0.1 nm, while optimum coupling length decreases by 5.2pm, 
which is negligible compared to the coupling length of the order of 1mm.
For the second grating, the peak shift is much larger due to the difference in thermo-optic 
coefficients between silicon nitride and silicon. For the same temperature increase of 5OK, 
the resonant peak shift is +4nm, while the coupling length decreases by 2.82pm, which is 
still much lower than the coupling length of »200pm. The resonant peak shift is quite 
large but still within the FW HM  of the second grating (~10nm). Therefore, the future 
work should include a study of managing the broadness of the grating spectra in order to
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improve the D G A D C  temperature dependence. It should be noted that the above 
calculations were earned out implementing FEM LAB [5.16] software package to 
investigate temperature distribution within the D G AD C.
5.6 Summary
We have presented a thorough design study of the Dual Grating-Assisted Directional 
Coupler in Silicon-on-hisulator technology. Coupling efficiency as high as 90%  can be 
achieved whilst keeping fabrication tolerances at least one order of magnitude larger than 
those of the best previous design. Total coupling length of the device is in the range 1- 
2mm. There is a number of possible combinations of SiON refractive indices that can give 
high coupling efficiency, so the choice is determined by the reproducibility of refractive 
indices and uniformity of the layers that can be achieved using certain deposition 
equipment. P E C V D  is suitable for the fabrication of these layers, offering deposition of 
thick waveguides with a high degree of control over the refractive index. A  refractive 
index close to the fibre refractive index is preferable. Deeper gratings reduce the coupling 
length, but they also reduce the coupling efficiency. Therefore, the ratio of coupling 
efficiency/ coupling length can be used to determine optimum values of device 
parameters.
The most critical parameter is the SOI waveguide thickness. Therefore, precise control of 
the silicon overlayer thickness is necessary. Having two gratings in the device, a relatively 
narrow spectral range is expected. This range can be further decreased by implementing 
grating chirping. The initial design was based on 0.50 duty cycle. Larger duty cycle can, 
however, give higher coupling efficiency without affecting grating period tolerance, 
which has been improved by almost two orders of magnitude comparing to the best 
previous design, hi addition, higher values of grating duty cycle and/or chirping can 
broaden grating spectral width.
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6  F a b r i c a t i o n
6.1 Introduction
In this chapter the fabrication of the Dual Grating-Assisted Directional Coupler (DGADC) 
shown in Figure 6.1, will be described. From the previous chapter it can be seen that it is 
very important to accurately control the refractive index of silicon oxynitride (SiON). 
Therefore, the first part of the chapter is devoted to the investigation of PE C V D  (Plasma 
Enhanced Chemical Vapour Deposition) SiON, and particularly to the refractive index 
and thickness measurements. After that, grating patterning and deep etching are 
considered. Dry etching has been used for these processes. One section describes mask 
design and SOI wafer characterisation, while the final section gives the list of all 
fabrication steps. More details are provided for some of the most important steps.
Figure 6.1. Dual grating-assisted directional coupler in silicon-on-insulator technology
The author’s role during fabrication was to develop a deposition technique which would 
enable accurate control of small SiON refractive index changes, and to find a technique
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for final deep SiON and Si3N 4 etch, which defines SiON and Si3N 4 waveguides. These 
two processes had never been carried out at the fabrication facility. Also, his role was to 
take part and monitor all the other fabrication steps, to perform thickness and refractive 
index measurements, and to use all data obtained from these tests in order to re-run 
simulations and optimise D G A D C  parameters.
6.2 Silicon oxynitride and silicon nitride depositions
During the last decade, a considerable research has been conducted on the application of 
SiON in various optical devices ([6.1], [6.2], [6.3], [6.4], and [6.5]). SiON offers a very 
desirable characteristic, that of the refractive index adjustability over a broad range (1.45-
2.0) and hence it has been used for the D G A D C  in this work. As the refractive index of 
SiON layers are close to that of the optical fibre, the top SiON layer is 5pm thick, while a 
quite thick silicon nitride (Si3N 4) waveguide is sandwiched between the SiON layers. 
Therefore, P E C V D  is used for the fabrication of upper parts of the D G A D C  (Figure 6.1), 
as explained in chapter 5.
In a Chemical Vapour Deposition (CVD) process a deposition takes place in the reactor 
which has two principal purposes. One is to provide a uniform supply of gaseous reactants 
to the substrate surface. The other is to provide activation energy for the reaction. It is 
sometimes useful to have the reaction at low temperatures, because high temperatures can 
damage substrates or devices, especially metallised ones. An efficient method for 
breaking gas molecules into reactive fragments, that can react at substantially reduced 
temperatures, is an R F (radio frequency) plasma. A  typical P E C V D  temperature is 300°C  
compared to 800-900°C  used in Low Pressure C V D  (LPCVD) depositions.
Silicon oxynitride (SixOyN z or SiON) has been deposited with nitrous oxide (N20 ) as the 
oxygen source, with ammonia (NH3) as the nitrogen source and with silane (SiHU) as the 
silicon source. The nitrogen concentration of the deposited SiON is determined by the 
relative concentration of nitrogen and oxygen in the gas mixture [6.6].
With increasing ammonia concentration in the deposition gas mixture the refractive index 
of the resultant film increases whereas the deposition rate decreases. The presence of
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nitrogen provides more sites for silicon, which causes the material density and refractive 
index to increase.
Mattsson reported relationships between the atomic percentage concentration of silicon 
( X Si), oxygen ( X 0 ) , and nitrogen ( X N) [6 .6 ]
2  7
A 0 =  A n
°  3 6  N
W si = -  + - A n 
b 3 6
(6.1)
In fact, these expressions actually state the same thing: with increasing nitrogen 
concentration in the SiON, the oxygen concentration will decrease and the silicon 
concentration will increase. These relations are valid for nitrogen concentrations below 
2 5 % .
A  large number of reaction pathways exist in the fully activated gas mixture and they are 
all included in one net reaction:
X  SiH 4 + f 2X + T + —z l  n 2o  + z n h 3 ->
f  3 )
h 2o  + ( 3 ^2X + - Z 2 X + Y + J z
I 2 , 2 ,
(6.2)
N -
This confirms that silane, nitrous oxide and ammonia are the main sources of silicon, 
oxide and nitride, respectively. With a high relative concentration of oxygen the dominant 
by-product is expected to be water vapour.
Figure 6.2. Parallel-plate reactor fo r  PECVD deposition [6.7]
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A  parallel-plate (vertical) reactor Plasmalab System 90 (DEP 90) (Figure 6.2) which 
operates at the frequency of 13.56MHz and pressure of -IT o rr  was used for the 
deposition of the SiON and Si3N 4 films. Gas is supplied from a shower head and flows 
down to the substrates, which are supported in a heated susceptor. The flow path is shorter 
and depletion is smaller as compared to a horizontal reactor. As the machine had not 
previously been used for the deposition of SiON films with a strictly defined refractive 
index, a calibration of the system had to be carried out. The films were deposited at 300°C  
with varying flow of nitrous oxide, and constant flows of 50sccm (standard cubic 
centimetres) of ammonia and 155sccm of 5%  silane in nitrogen (Table 6 .1). Thickness 
uniformity across the wafer was not particularly good for 267 and 400sccm gas flow of 
N 20 . Hence, larger nitrous oxide gas flow is desirable.
Table 6.1. DEP 90 parameters for PECVD deposition of SiON and Si3N 4
B atch W a fe r P
( T o n )
S iH 4/N 2
(seem )
n h 3
(seem )
n 2o
(seem )
P
(W )
T
(°C )
t d (nm ) n
K 2330 #1 1 155 50 267 15 300 6niin 301.6 1.494
#2 1 155 50 400 15 300 6m in 299.0 1.486
#3 1 155 50 600 15 300 6m in 291.3 1.478
K 2399 #1 1 155 50 400 15 300 6m in 295.9 1.488
#2 1 155 50 600 15 300 6m in 285.2 1.476
#3 1 155 50 800 15 300 6m in 275.0 1.471
IC2441 #1 0.5 778 50 0 10 300 73niin 516.7 1.971
#2 0.5 778 50 0 10 300 73m in 503.1 1.968
#5 1 155 50 600 15 300 lOOmin 4739.7 1.477
#7 1 155 50 600 15 300 105m in 5066.0 1.479
#8 1 155 50 600 15 300 105min 5004.8 1.479
#9 1 155 50 1000 15 300 6m in 20sec 269.6 1.467
#11 1 155 50 1000 15 300 7m in 300.2 1.467
#12 1 155 50 1000 15 300 7 m in 299.6 1.467
Silane and ammonia are used as reactants for the Si3N 4 deposition process; ammonia 
instead of nitrogen was chosen as a reactant gas because it provides better thickness and 
refractive index uniformity [6.8]. The pressure was 0.5Torr, and silane gas flow five times 
as large as that in the SiON deposition (Table 6.1). It can be seen from Table 6.1 that the 
Si3N 4 deposition rate was much smaller than SiON one.
The DEP 90, like many other reactors, operates at the frequency of 13.56MHz, although 
stable discharges can be produced at frequencies above about 100kHz. 13.56MHz is a
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frequency allotted by international communications authorities at which one can radiate a 
certain amount of energy without interfering with communications. The frequency of the 
R F excitation affects the ion and electron energies in the plasma, and can affect the 
properties of the deposited films.
It is common practice to use a matching network between the R F generator and the glow 
discharge. The purpose of this network is to increase the power dissipation in the 
discharge, and to protect the generator by minimizing the power reflected back to the 
generator. In practice, to avoid large R F currents flowing round a circuit, generators are 
designed to have purely resistive outputs with a value that is usually 500 . An RF  
discharge normally has larger and partly capacitive impedance.
To determine the refractive index (RI) of the deposited SiON and Si3N 4 layers, a reliable 
measurement method had to be used. The first choice was spectroscopic ellipsometry 
which is an accurate technique for thin film characterisation.
Ellipsometry measures the change in the polarisation state of light reflected from the 
surface of the sample. Two measured values are expressed as psi ( lP) and delta (A), and 
they are related to the reflection coefficients of p- and s- polarised light (Rv, R s) by:
R
p  = —  = tanW e?A . (6.3)
Rs
As ellipsometry measures the ratio of two values, it can be highly accurate and veiy 
reproducible. The ratio is a complex number, thus it contains “phase” information, A, 
which makes the measurement veiy sensitive. Ellipsometry is a model dependent 
technique in that the measured quantities (Wand A) are not the physical quantities we 
wish to determine, such as thickness and refractive index, for example. A  mathematical 
model is required to determine these physical quantities. Then, regression analysis is used 
to find the best match between the experimental data and the model predicted data by 
adjusting the unknown parameters. It is, therefore, necessary to have good starting values 
for the thickness and refractive index of the layers involved.
The refractive indices of SiON and Si3N 4 layers deposited on Si wafers, were measured 
using a spectroscopic ellipsometer manufactured by J. A. Woollam Co., Inc., U SA  [6.9]. 
The Variable Angle Spectroscopic Ellipsometer (VASE®) (Figure 6.3) covers the spectral
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range from 190nm to 2300nm by utilising a Xenon lamp and HS-190 monochromator. It 
is also equipped with an AutoRetarder allowing measurement of depolarisation, a 
parameter that needs to be used if the sample is of non-uniform layer thickness.
An ellipsometer comprises a light source, polariser, analyser and detector. The polariser 
establishes the input polarisation state, and the analyser measures the output polarisation 
state. It has been determined that the measurement has the highest sensitivity when the 
light is circularly polarised. Therefore, there is a need to add a retarder (compensator) to 
the beam path (either before or after the sample). The AutoRetarder (shown to the right of 
the wafer in Figure 6.3) is a computer controlled MgF2 Berek waveplate, used to 
accurately introduce retardance into the beam path. Since the retarder is under computer 
control, it is possible to generate appropriate retardance values (0-90°) over a broad 
spectral range, achieving maximum measurement accuracy.
Figure 6.3. Variable Angle Spectroscopic Ellipsometer (VASE®) with AutoRetarder™ [6.10] 
used for the measurement of SiON and Si3N 4 refractive index
V A SE  measurements of the layers were taken in the wavelength range of 280nm - 
2300nm and at multiple angles of incidence (70°, 73°  and 76° for wafer batch K2330; 
65°, 70°, and 75° for batches K 2399 and K 2441). Measurements at multiple angles
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improve confidence, as light travels different paths through the film. Hence, the amount of 
data available to characterise a material is increased. The specific values of the incident 
angle were chosen because they are close to the Brewster angle and ellipsometry 
measurements are most sensitive at the Brewster angle. The beam diameter was fixed at 
1.5mm. A ll data were acquired and analyzed by W VA SE version 3.422 software package. 
To determine the refractive index of the SiON and Si3N 4 layers Sellmeier and Cauchy 
dispersion models were used, respectively. Film non-uniformity and roughness were taken 
into account. A  Marquardt-Levenberg algorithm was used to quickly determine the best 
fit.
A  Philips PZ 2000 ellipsometer was used for the initial measurements, to confirm the 
consistency of the results. The ellipsometer operates at two wavelengths, 632.8nm and 
1540nm. As spectral ellipsometry measurements are quite expensive and time consuming, 
the Philips ellipsometer was used to check the fluctuation of the RI across the wafer by a 
five point measurement (one central and four points 40mm from the centre). Initial values 
of layer thicknesses for this measurement were obtained on Nanospec/AFT 4150 U V  
scanning device, which measures thickness via normal incidence light. The results 
showed a slight variation (0.001-0.003) of the refractive index across the wafer. This 
could be a result of the thickness variation.
Wavelength (nm)
Figure 6.4. SiON refractive index (batch K 2330) as a function of wavelength
Figures 6.4-6.7 show the refractive index of SiON and Si3N 4 layers as a function of 
wavelength, obtained on the V A S E  ellipsometer. A  significant difference in refractive
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index between SiON layers in both K 2330 and K 2399 is clearly visible in Figure 6.4 and 
Figure 6.5, respectively. Figure 6.6 shows results for wafers #5, #7, #8, #9, #11, and #12 
of the K 2441 batch. Just two deposition recipes were used for those wafers, one for #5, 
#7, and #8, and another for #9, # 11, and #12. At 1550nm, #9, #11, and #12 had the same 
value of the RI, n=l.476. As for 5pm thick SiON layer (#5, #7, and #8), the RI of layer #5 
was 0.002 lower than those of #7 and #8 ( ^ 5= 1 .477, /?#7=/?#8= 1 .479). As these layers had 
thicknesses of *6 pm, a much higher spectral resolution was chosen to resolve the 
interference structure.
Wavelength (nm)
Figure 6.5. SiON refractive index (batch K 2399) as a function of wavelength
Wavelength (nm)
Figure 6.6. SiON refractive index (batch K 2441) as a function of wavelength. 
Layers on wafers #5, #7, and #8 were 5jam thick
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The refractive index of the Si3N 4 layers #1 and #2 (K2441 batch) was 1.971 and 1.968, 
respectively (Figure 6.7). The value of k  (absorption or extinction coefficient) was quite 
low at 1550nm (1.442x1 O'6 and 1.089x1 O'6 for the two samples).
The ellipsometer, however, suffers from some major disadvantages when used to measure 
moderate to thick films: the ambiguity caused by the incremental nature of the 
ellipsometer’s thickness measurement, sensitivity to optical absorption in the film, and 
periodic loss of index resolution. Thus, thickness and refractive index measurement of 
thick SiON samples were performed using the Attenuated Total Reflection (ATR) 
method.
Wavelength (nm)
F ig u r e  6.7. S i3N 4 r e fr a c tiv e  in d e x  a s  a  fu n c t io n  o f  w a v e le n g th
Figure 6.8. Metricon Model 2010 Prism coupler used fo r  ATR measurement [6.11]
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The thick layer measurement has been performed with a Metricon Model 2010 Prism 
Coupler [6.11] (Figure 6.8). This device offers several advantages: there is no need for 
advance knowledge of the thickness, routine index resolution of ±0.0005 can be obtained, 
maximum index accuracy of ± 0.0001 can be achieved, it is possible to accurately measure 
characteristics of bulk or substrate materials, measurement of anisotropy/birefringence can 
be easily conducted, and characterisation of relatively thin films is relatively fast («20 
sec).
LASER L IG H T , PHOTO 
''^ DETECTOR
U
 FILM
(- SUBSTRATE ^
COUPLING HEAD sU!>a£
n
V vr
t o — 'ia-a — T
F ig u r e  6.9. A t te n u a te d  T o ta l R e fle c tio n  m e a su re m e n t [6 .1 1 ]
F ig u r e  6 .10 . N in e  p o in t  A T R  m e a s u r e m e n t o f  th ic k  S iO N  la y e r s  d e p o s i te d  on  s i l ic o n  w a fe rs
The sample to be measured is brought into contact with the base of a prism by means of a 
pneumatically-operated coupling head, creating a small air gap between the film and the
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prism (Figure 6.9). A  laser beam strikes the base of the prism and is normally totally 
reflected at the prism base onto a photodetector. At certain discrete values of the incident 
angle 0 , called mode angles, light wave can tunnel across the air gap into the film 
creating a guided optical propagation mode, and causing a sharp drop in the intensity of 
light that reaches the detector (Figure 6.9). To a rough approximation, the angular location 
of the first mode determines film index, while the angular difference between the modes 
determines the thickness, allowing thickness and index to be measured independently. 
This is the so-called Attenuated Total Reflection (ATR) method [6.12].
Measurements are performed using a computer-driven rotary table, which varies the 
incident angle 0 , and locates the propagation modes. As soon as two of the mode angles 
are found, film thickness and index can be calculated. The film and measuring prism are 
in contact over an area of roughly 8mm square, but the film area actually measured is only 
1mm in diameter.
A T R  is much better method for measuring thick film characteristics than ellipsometry and 
can be used for the measurement of very thick films (up to 100pm). However, 
independent measurement of thickness and index is not possible if  the layer does not 
support two or more propagation modes. That means, there is a minimum thickness limit 
for measurability, which is 480-500nm for silicon dioxide and SiON and 320nm for 
Si3N4. An additional limitation is based on the fact that the prism coupling technique 
involves contact to the planar surface being measured. Therefore, all our measurements 
have been done on non-product, test samples, which have a sufficiently large area.
It is interesting that for films in the 2- 100pm thickness range, the prism coupler can 
provide accurate non-contact measurements of thickness only. This technique is based on 
simple interference of monochromatic light as a function of incident angle, and can be 
used with virtually any transparent or semi-transparent film on virtually any polished 
substrate material. A  common restriction to all prism coupling techniques is that the prism 
refractive index must be higher than that of the film. Hence, the maximum refractive 
index that can be measured by the Model 201.0 Prism Coupler is 2 .65.
Characterisation of thick SiON layers was done using a nine point measurement (Figure 
6.10). The results are shown in Table 6.2. The maximum variation of the R I is within the
0.001-0.003 range, while the thickness can vary by as much as ±350nm. Fortunately, this
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does not affect the coupler performance dramatically, and it was the worst case on one 
wafer.
T a b le  6.2. A T R  m e a s u r e m e n t o f  th ic k  S iO N  la y e r s
w a fe r p o sitio n n d  (pm )
K 2441 #5 u 2 1.480 4.172
U , 1.479 4.457
M 1.478 4.565
o , 1.478 4.588
0 2 1.477 4.678
r 2 1.479 4.525
R | 1.478 4.547
L , 1.478 4.604
l 2 1.478 4.624
K 2441 #7 U 2 1.477 4.722
u , 1.477 4.875
M 1.477 4.913
O i 1.476 4.932
0 2 1.476 4.932
r 2 1.477 4.987
R i 1.477 4.985
L t 1.477 4.896
l 2 1.477 4.863
K 2441 #8 u 2 1.478 4.479
u , 1.479 4.745
M 1.478 4.838
0 , 1.477 4.852
0 2 1.477 4.855
R 2 1.479 4.767
R i 1.478 4.896
Li 1.478 4.890
l 2 1.477 4.897
It can be seen that A T R  and ellipsometry are used as complementary techniques. The film 
thickness to be measured is the most important factor determining whether ellipsometry or 
prism coupling is a preferred technique. Ellipsometry is clear choice for the measurement 
of thin films, while the A T R  is usually superior for moderate-to-thick films with lower 
refractive index.
Table 6.3 shows SiON refractive index, measured by ellipsometry and by the A TR  
method, at the centre of the wafer, for different nitrous oxide flows, i.e., different ratio of
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ammonia/nitrous oxide gas flow. Results obtained by both techniques are very close. 
Figure 6.11 gives a graphic presentation of these results.
T a b le  6.3. S iO N  r e fr a c tiv e  in d e x  o b ta in e d  b y  e l l ip s o m e t iy  a n d  A T R  tec h n iq u e ,
a s  a  fu n c t io n  o f  g a s  f l o w s
N20  (seem) NH3/N 20  (%) n (ell.) n (ATR)
267 18.73 1.494
400 12.50 1.486
400 12.50 1.488
600 8.33 1.478
600 8.33 1.476
600 8.33 1.477 1.478
600 8.33 1.479 1.477
600 8.33 1.479 1.478
800 6.25 1.471
1000 5.00 1.467
1000 5.00 1.467
1000 5.00 1.467
n h 3/n2o  (%)
F ig u r e  6 .11 . S iO N  r e fr a c tiv e  in d ex , m e a s u r e d  b y  e l l ip s o m e t iy  a n d  A T R , 
v e r s u s  r a t io  o f  N H 3/N 20  g a s  f l o w s
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It has been observed that for SiON with low nitrogen concentration (i.e., with refractive 
index close to that of oxide) the hydrogen is predominantly bonded to nitrogen and the 
amount of hydrogen bonds to silicon is small [6.13]. The hydrogen content of PEC V D  
deposited films is relatively high due to the low deposition temperature. This may result 
in a material with undesired optical absorption.
The hydrogen content may be reduced by annealing, since PE C V D  material releases 
nitrogen and hydrogen during annealing. Most of the nitrogen is released at annealing 
temperatures in the 500-700°C  range [6.6]. The annealing behaviour at temperatures 
above 600°C  correlates with the actual deposition process parameters (i.e., gas 
composition and discharge power). It is found that the porosity and internal tension which 
follows the release of nitrogen is reduced for material deposited with higher deposition 
power densities. This is believed to be due to a reduced concentration of nitrogen and 
hydrogen in the deposited material. Only nitrogen bonded to hydrogen is released from 
the material after annealing.
hi this work, annealing has not been used, but remains part of the further work. However, 
certain problems with annealing of SiON films deposited on Si3N 4, which is the case in 
this work, have been reported [4]. Therefore, finding optimum annealing parameters, as 
well the best deposition parameters for a successful annealing process, will be an 
extensive study and consequently time consuming.
6.3 Deep etching of SiON and Si3N4
Figure 6.12. Expected device profile after wet etching
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As there is a need for quite deep etching (in excess of 5.5pm) of SiON and S13N 4 (Figure
6.1), it had to be determined whether such deep etching would give satisfactoiy results 
and whether diy 01* wet etching should be used. Wet etching would give a device profile 
shown in Figure 6.12 because of its inherently isotropic nature. That would result in 
different modal field profiles and a slight increase in propagation loss. Therefore, owing 
to its anisotropic etch characteristics, plasma etching was chosen for obtaining a device 
profile shown in Figure 6.13.
5-1 Opm
-< ►
Figure 6.13. Desirable device profile
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A  plasma is a neutral ionised gas containing appreciable number of free electrons, charged 
ions and neutral radicals. An energy input is required to sustain the plasma. Plasmas for 
etching are formed by applying a radio-frequency (RF) electric field to a gas held at a low 
pressure in a vacuum chamber. The electron energy is high enough to cause fragmentation 
of the parent gas molecules. For example, a plasma of CF4 includes the fragments C F 3, 
C F 2, CF, F, C, the equivalent ions (CF3+, etc.) plus reaction products among all of them.
If  there are substrates in the plasma, they will react primarily with ions and free radicals. If  
the reaction products are volatile, they will evaporate, resulting in removal of substrate 
material. This is plasma etching, which can be anisotropic and therefore highly desirable 
for the fabrication of the coupler. Anisotropic etching is made possible by the formation 
of the dark space sheath adjacent to the electrode that the wafer sits on [6.14] and plasma 
potential accelerates ions normal to the substrate surface. Generally, the outcome of a 
plasma etch process depends on the balance between the chemical reaction of the plasma 
species with the substrate and the physical process of ion bombardment.
Like plasma enhanced deposition, the plasma etching processes needs to be characterised 
empirically. Hence, investigation of deep etching controllability had to be performed.
A  Plasmalab 80+ etcher manufactured by Oxford Plasma Technology [6.15] has been 
used for SiON and Si3N 4 etching. It is a planar reactive ion etching (RIE) reactor. 
Substrates are laid flat between two closely spaced planar electrodes. The substrate 
electrode is connected to the RF power supply allowing a high electric potential between 
the substrates and the plasma resulting in anisotropy (directionality) of the etching. If the 
electrode configuration is reversed, the reactor would operate at lower bias, and is referred 
to as the plasma etch mode. A  R IE  reactor is characterised by low operating pressure (10- 
150mTorr). Pressures of 40mTorr and 25mTorr are used for SiON and Si3N 4 etching, 
respectively. Gases used in the 80+ etcher are listed below.
gas line gas max flow
1 Ar 50sccm
2 0 2 50sccm
3 c h f 3 50sccm
4 c f 4 lOOsccm
5 s f 6 lOOsccm
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6.3.1 Sample preparation
Deposition of SiON and S13N 4 films on six wafers was performed in the following way:
• Deposition of 200nm thick SiON with « = L 467 (see section 6.2 .2) for /=4min 
42sec (deposition rate =  425A/min).
• Deposition of 500mu Si3N 4 with /?=1 .97 for Z=72min (deposition rate = 69A/min).
• Deposition of 5000nm thick SiON with 77= 1.478 for /= 103min (deposition rate =  
485A/min).
As a calibration, photolithography was performed using an existing mask, so that the 
etching of trenches rather than channel waveguides was earned out.
First, the oxide etching recipe was applied: 25sccm of Ar, 25sccm of C H F 3, p=40mTorr, 
P =167W. The nominal etching rate for this recipe across the wafer is in the range 250- 
280A/min for oxide, and 24-36A/min for silicon. Therefore, this etching was first applied 
for 180min and remaining oxide on Si3N 4 was checked 011 the Nanospec afterwards, hi 
total, this initial etching process took around 200min. Selectivity is achieved by varying 
gas flows and ratios, pressure, and R F power. The Si3N 4 etch recipe which followed the 
initial oxide etch had the following parameters: 6sccm of Ar, 3seem of CH F3, p=26mTorr, 
P =136W. The etching rate was 300A/min for Si3N 4 and 20-30A/min for silicon. Again, 
the Nanospec was used to check what was left to etch. Referring again to Figure 6.13, 
ideally 200mn of SiON would remain on the silicon after the etching. It is not possible to 
achieve this on the whole wafer because of non-uniformities in the deposition and etch 
processes, but what was possible was not to etch into the silicon. During the etch process 
it is important that the D C  self bias remains high (e.g. above 150V), otherwise the etch 
rate can decrease significantly. Low voltage indicates that there is a need for the chamber 
to be cleaned, hi the previous etching steps the D C  bias was around 435V. Attention must 
be also paid to proper impedance-matching (mainly capacitive-matching) of the R F  
system because RF power can be reflected back into the power supply from the plasma 
causing instability 01* even damaging of the generator.
For dielectric etching with etch selectivity over Si, CH F3 is used because CF4 is primarily 
a Si etch being slow for both oxide and Si3N 4. To improve the etch uniformity across the 
wafer argon is added because it is not affected by the loading effect (reactive species
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depletion). Consequently, the ion flux is more uniform, improving uniformity of the 
etching. Although the Ar ions are chemically inert, they contribute to the ion activated 
reactions that take place on the wafer surface. It is also interesting to note that the gas 
flow and concentration of C H F3 are larger for SiON etching than for Si3N 4 etching. Gases 
with higher carbon to fluorine ratio etch silicon more slowly because carbon reacts with 
fluorine atoms preferentially to silicon. On the other hand oxygen addition reacts with 
carbon-bearing fragments to form carbon dioxide and liberates more fluorine to speed up 
silicon etching.
c) d)
F ig u r e  6 .14 . M ic r o g r a p h s  o f  d e e p  tr e n c h e s  o b ta in e d  on  L E O  1 4 5 5  V P  S E M
After the photoresist removal, samples were cleaved and investigated on an SEM (Figure 
6.14 and Figure 6.15). The structure was well defined, and walls were reasonably vertical 
(81-82°). Roughness of the walls can be seen in Figure 6.15. It is caused by the limitation 
of the fabrication equipment and can result in an additional scattering loss. White regions 
at the bottom of the trench (Figure 6.15d) were caused by charging since the sample was 
not gold covered.
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c) d)
F ig u r e  6 .15 . M ic r o g r a p h s  o f  d e e p  tr e n c h e s , s h o w in g  w a ll  a n g le  a n d  ro u g h n e ss , 
o b ta in e d  on  H ita c h i S -4 0 0 0  S E M
h)
6.3.2 Deep silicon etch
For deep silicon etch, a Multiplex ICP (Inductively Coupled Plasma) machine [6.16] is 
used because it gives good profile control in silicon etching.
F ig u r e  6 .16 . IC P  m a c h in e  w ith  tw o  R F  g e n e r a to r s  f o r  in d e p e n d e n t c o n tr o l o f  
io n  e n e r g y  a n d  ion  c u r r e n t d e n s i ty  [6 .7 ]
The inductively coupled plasma is much more dense than in 80+, and there is an 
additional RF generator for the substrate which gives much greater control over the ion
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energy (Figure 6.16). HBr is used for the process forming non volatile SiBr4 which is 
removed by ion bombardment.
6.4 Gratings
As the coupler comprises two gratings, grating patterning and etching was the next thing 
to be considered. The first grating has the period, A\, of around 5pm, while the second 
period, A 2i is in the range 1.3- 1.4pm. Due to the resolution limit of the projection aligner 
(about 1 .0pm), this is only suitable for patterning the first grating, whilst electron-beam 
(e-beam) lithography must be used for the second grating which has the half period of 
yl2/2 <lpm . Two values for grating patterning investigation were chosen: A i=4.2pm and 
yl2= 1 .4pm.
6.4.1 Optical resist application
Surface preparation precedes the application of the resist. The first step is a prebake (or 
dehydration) which typically lasts for 30min at 140- 190°C . The purpose of this step is to 
reduce molecular water. After that, an adhesion promoter is applied in a vapour bath to 
improve adhesion of the resist to the layer underneath. The most common adhesion 
promoter is hexamethyl disilazane (HMDS). The third step is resist application (spinning 
is used for the resist application), and the final step is a soft-bake (or postbalce) for 
removing solvents from the resist layer. The positive resist used in this processing are 
baked at 135°C . The soft-bake time is important, as too long a bake can decrease 
photosensitivity of the resist. Dynamic dispensing is used for the application of the resist:
i.e., resist is dispensed on an already rotating wafer. The speed is a few hundred ipm at the 
beginning, and after that accelerates to several thousand rpm. The range of spin speeds is 
2000-6000rpm. It has been found that the speed of 3000rpm is optimum for obtaining 
uniform resist and this speed is usually used. Positive resists are mainly applied because 
they allow the printing of finer lines as well as the use of thicker films. However, they 
have poorer adhesion to the substrate. The thickness of the resist relates to diy etching 
which follows. There is a standard set of thicknesses for different fabrication steps. 
Principal determinant to resist thickness is the spinner rotational speed during the first 5-
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15sec following the start of spinning. The minimum thickness for positive resist is 0.8pm. 
It is desirable to be near this value because it provides the best lithographic resolution.
6.4.2 Optical resist lithography
For the first grating, a step-and-repeat projection printer, which is also called a wafer 
stepper, has been used. The printer exposes only a small portion of the pattern at any one 
time. At each exposure, the printer automatically determines the optimum alignment and 
focus distance of the area to be exposed. This results in much more tolerance for substrate 
deformation than occurs with whole-substrate exposure by a constant printer for example. 
Further advantage results as a consequence of the reducing optics, so that the reticle mask 
dimensions can be made larger than the device. This is called N :1 projection, where N  is 
the scale of magnification. This means that for example a 2pm feature, which must be 
accurately sized to ±0.25pm, can be fabricated on the reticle at 10+ 1.25pm, and projected 
with 5 :1 wafer stepper, allowing much more tolerance for mask error.
Two steppers, G C A  6300 and G C A  8500, and positive resist have been used for the 
stepper photolithography. The G C A  6300 uses g-line exposure wavelength (436nm), a 
Zeiss lens with 0.30 numerical aperture, and provides a 5:1 reduction with a variable field 
size up to 1.4cm square. The minimum feature size is about 1.0pm, and the wafer size is 
to 4 inches. Five inch reticle masks are used. The step-and-repeat exposure system has a 
laser-controlled stage motion. The G C A  8500 stepper also uses g-line light and has the 
same reduction of 5:1, but overlay accuracy is better than G C A  6300. However, this 
stepper has not been used for the patterning of the second grating because the resolution 
of the stepper is almost equal to A 2/2 . It is obviously better to use e-beam with the 
resolution as small as lOOnm.
Prior to plasma etching, there is a hardbake step to improve adhesion of the photoresist, to 
remove any solvents and to make the resist stable dining subsequent processing. Typical 
oven temperature is 140°C , and baking time is 1 hour.
Having shallow grating depths as a target, the 80+ etcher was used for both silicon and 
Si3N 4 etching. The results are shown in figures 6.17-6.19. Deeper gratings (Hg«100iun) 
were first etched as they are much more convenient for SEM analysis. Gratings with 
periods of A\ and A 2 are shown in Figure 6.17 and Figure 6.18, respectively. Shallow
184
6 Fabrication
gratings (//g=20nm) were also fabricated (Figure 6.19). It can be seen that gratings are 
well defined. They do not have completely vertical walls but this feature does not 
deteriorate the coupling performance. Duty ratio for different samples was in the range 
0.40-0.65. Influence of the duty ratio on the coupling performance has been discussed in 
chapter 5.
c) d)
F ig u r e  6 .17 . P la sm a  e tc h in g  o f  s i l ic o n  w a fers . E tc h in g  d e p th  is lOOnm, 
p e r io d  A 2, a n d  w id th  10p m .
After the plasma etching the resist mask was removed by plasma ashing. This technique is 
particularly efficient for the removal of organic materials, which consist essentially of 
carbon and hydrogen. Solid carbon is converted to gaseous carbon monoxide and carbon 
dioxide by oxidation in an oxygen discharge. These gases, together with other volatile 
products of the reaction, such as water vapour are then pumped away by the vacuum 
system. The purpose of the glow discharge is to convert molecular oxygen, which does 
not react with photoresist at room temperature, into active oxygen atoms which do react 
readily. Inorganic impurities or residues on the resist, however, do not form volatile 
oxides and will remain on the wafer surface after etching. Therefore, wet chemical etching
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(fuming nitric acid (FNA)) clean has been applied after the plasma ashing to remove these 
materials.
1u
F ig u r e  6 .19 . S E M  m ic ro g r a p h  o f  2 0 n m  d e e p  g r a t in g s  (to p  v ie w )
A  Technics Plasma 3000 resist asher, which has been used during the fabrication process, 
is a barrel reactor, characterised by high operating pressure (up to ITorr) and with the
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w a f e r s  s i t t i n g  i n  t h e  g l o w  i n  a  q u a r t z  h o l d e r .  O x y g e n  g a s  f l o w  i n  T e c h n i c s  P l a s m a  i s  
3 0 0 s c c m ,  a n d  p o w e r  6 0 0 W .  G e n e r a l  a s h i n g  u s u a l l y  l a s t s  f o r  5 m i n .
A f t e r  t h e  r e s i s t  s t r i p ,  w a f e r s  h a v e  b e e n  d r i e d  i n  a  V E R T E Q  S R D  1 8 0 0 - 6  S e p e r c l e a n  
R i n s e r / D i y e r ,  D r y e r  r o t a t o r ,  w h i c h  c a n  a c c o m m o d a t e  u p  t o  5 0  w a f e r s ,  p h o t o m a s k s ,  o r  
s u b s t r a t e s  w i t h  m a x i m u m  d i a m e t e r  o f  8 i n c h ,  i s  r o t a t i n g  w i t h  t h e  s p e e d  o f  5 0 - 2 0 0 0  r p m ,  
w h i l e  f i l t e r e d  n i t r o g e n  e n t e r i n g  t h e  b o w l  t h r o u g h  a  n o z z l e .  M a x i m u m  d r y i n g  t i m e  t h a t  c a n  
b e  s e t  u p  i s  1 6 m i n .
5.5 Mask design and SOI wafer mapping
T h e  e q u i p m e n t  u s e d  f o r  t h e  f a b r i c a t i o n  i m p o s e s  a  l i m i t a t i o n  o n  m a x i m u m  c h i p  
d i m e n s i o n s .  A s  t h e  m a x i m u m  c h i p  s i z e  i s  a  1 5 x 1 5 m m  s q u a r e ,  a n  a t t e m p t  d u r i n g  t h e  m a s k  
d e s i g n  h a s  b e e n  m a d e  t o  i n c l u d e  a s  m a n y  d e v i c e s  a s  p o s s i b l e  o n  a  s i n g l e  c h i p .  G r a t i n g  
p e r i o d  i s  o n e  o f  t h e  m o s t  i m p o r t a n t  p a r a m e t e r s  o f  t h e  c o u p l e r ,  h e n c e  i t  h a s  b e e n  v a r i e d  o n  
t h e  c h i p .  T h e  c h i p  h a s  b e e n  d e s i g n e d  t o  h a v e  b o t h  d e v i c e s  s h o w n  i n  F i g u r e  6 . 1  a n d  t h o s e  
s h o w n  i n  F i g u r e  6 . 2 0 .  T h e  l a t e r  w o u l d  b e  m o r e  s u i t a b l e  f o r  m e a s u r e m e n t s  s i n c e  t h e  o u t p u t  
b e a m  w o u l d  n o t  b e  a s  d i v e r g e n t  a s  i n  t h e  f o r m e r  d e v i c e .
Figure 6.20. 'Double ’ D G A D C  configuration
L - E d i t  [ 6 . 1 7 ]  w a s  u s e d  f o r  t h e  m a s k  d e s i g n .  I t  i s  a  l a y o u t  t o o l  t h a t  u s e s  e l e m e n t s  d r a w n  o n  
l a y e r s  t o  r e p r e s e n t  t h e  m a s k s  t h a t  a r e  u s e d  t o  f a b r i c a t e  d e v i c e s ,  s u c h  a s  i n t e g r a t e d  c i r c u i t s .  
L a y e r s  a r e  r e p r e s e n t e d  b y  d i f f e r e n t  c o l o u r s  a n d  p a t t e r n s  ( F i g u r e  6 . 2 1 ) .
S O I  w a f e r s  w e r e  o b t a i n e d  f r o m  S O I T E C  [ 6 . 1 8 ] .  F o r  f o u r  i n c h  w a f e r s ,  t h e  m i n i m u m  
s i l i c o n  o v e r l a y e r  t h i c k n e s s  a v a i l a b l e  i s  3 4 0 0 A ,  a n d  t h e r e f o r e  t h e y  w e r e  t h i m i e d  b y
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o x i d a t i o n  d o w n  t o  2 3 0 0 A  a t  S O I T E C .  T h e  S O I  f i l m  i s  P  t y p e  m a t e r i a l ,  w i t h  1 4 - 2 2 Q c m  
r e s i s t i v i t y ,  a n d  < 1 0 0 >  o r i e n t a t i o n .  T h e  b u r i e d  o x i d e  ( B O X )  l a y e r  i s  n o m i n a l l y  3 p m  t h i c k ,  
w h i c h  w a s  c o n f i r m e d  b y  m e a s u r e m e n t s  a t  S O I T E C  ( t h e  m e a n  B O X  t h i c k n e s s  w a s  
3 0 1 7 n m ) ,  a t  t h e  I B M  l a b o r a t o r y  i n  Z u r i c h  ( 3 0 3 0 n m )  a n d  a t  t h e  U n i v e r s i t y  o f  S o u t h a m p t o n  
( 3 0 2 0 n m ) .  T h e  s u b s t r a t e  i s  N  t y p e  s i l i c o n ,  w i t h  1 0 - 2 0 Q c m  r e s i s t i v i t y ,  < 1 1 0 >  o r i e n t a t i o n ,  
a n d  5 2 5 p m  t h i c k n e s s .  T h e  b a c k s i d e  o f  t h e  w a f e r  w a s  n o t  p o l i s h e d .
*
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Figure 6.21. L-Edit software package used fo r  the mask design
W a f e r  m a p p i n g  w a s  d o n e  o n  P h i l i p s  P Z  2 0 0 0  e l l i p s o m e t e r .  R e s u l t s  a r e  s h o w n  i n  F i g u r e  
6 . 2 2 .  V a r i a t i o n  f r o m  t h e  m e a n  v a l u e  i s  i n  t h e  r a n g e  3 - 5 n m .  F o u r  w a f e r s  w i t h  t h e  s m a l l e s t  
v a r i a t i o n  h a v e  b e e n  c h o s e n  f o r  t h e  f a b r i c a t i o n .  I t  c a n  b e  s e e n  t h a t  t h e  w a f e r  e d g e  i s  n o t  
s u i t a b l e  f o r  f a b r i c a t i o n  h a v i n g  l a r g e r  S O I  t h i c k n e s s .  R I  m e a s u r e m e n t  w a s  c a r r i e d  o u t  a t  
t h e  I B M  L a b o r a t o r i e s  i n  Z u r i c h ,  u s i n g  a  J .  A .  W o o l l a m  e l l i p s o m e t e r .  T h e  R I  i n  t h e  w a f e r  
c e n t r e  w a s  « s i = 3 . 4 7 1  ± 0 . 0 0 9 ,  w h i l e  m e a s u r e m e n t s  a t  a  d i s t a n c e  o f  1 c m  f r o m  t h e  c e n t r e  
r e v e a l e d  t h e  f o l l o w i n g  v a l u e s :  3 . 4 7 6 ± 0 . 0 0 9 ,  3 . 4 7 5 ± 0 . 0 0 7 ,  3 . 4 8 8 ± 0 . 0 0 7 .
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Figure 6.22. Thickness mapping o f  SOI wafers
6.6 Fabrication process
I n  t h i s  s e c t i o n  c o m p l e t e  f a b r i c a t i o n  p r o c e s s  o f  t h e  D G A D C  i s  g i v e n .  F i r s t ,  t h e  R C A  c l e a n  
i s  d e s c r i b e d .  T h e n ,  f a b r i c a t i o n  s t e p s  o f  t h e  D G A D C  d e v i c e s  a r e  l i s t e d ,  a n d  f i n a l l y ,  t h e  
L M S  ( L a b  M a n a g e m e n t  S y s t e m )  l i s t  o f  t h e  w h o l e  f a b r i c a t i o n  p r o c e s s  i s  s h o w n .  S i n c e  t h e  
m a j o r i t y  o f  t h e  f a b r i c a t i o n  s t e p s  h a v e  b e e n  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n s ,  o n l y  a  f e w  
a d d i t i o n a l  d e t a i l s  a r e  g i v e n  h e r e .
6 . 6 . 1  R C A  c l e a n
I m p u r i t i e s  m u s t  b e  r e m o v e d  f r o m  s u r f a c e s  b e f o r e  a n d / o r  a f t e r  v a r i o u s  p r o c e s s  s t e p s ,  s u c h  
a s  c h e m i c a l  v a p o u r  d e p o s i t i o n ,  d o p a n t  i m p l a n t i n g ,  a n d  p l a s m a  p r o c e s s i n g .  P o s t c l e a n i n g  
a f t e r  p h o t o r e s i s t  s t r i p p i n g  i s  n e c e s s a r y  a f t e r  e v e r y  p h o t o l i t h o g r a p h y  s t a g e  t h r o u g h o u t  t h e  
p r o d u c t i o n  p r o c e s s .
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T h e  R C A  p r o c e s s  w a s  i n t r o d u c e d  i n  1 9 6 5  a n d  s i n c e  t h a n  i t  h a s  b e e n  o n e  o f  t h e  m a i n  
p r o c e s s e s  u s e d  i n  i n d u s t r y .  I t  c o n s i s t s  o f  t w o  s t e p s ,  h i  t h e  f i r s t  ‘ t r e a t m e n t  s t e p ’ t h e  w a f e r s  
a r e  e x p o s e d  t o  a  h o t  m i x t u r e  o f  w a t e r - d i l u t e d  h y d r o g e n  p e r o x i d e  a n d  a m m o n i u m  
h y d r o x i d e .  T h e  v o l u m e  r a t i o s  u s e d  a r e  6 . 3 5  H 2O  : 1  H 2O 2 : 1 . 3 8  N H 4O H  a n d  t h e y  f a l l  
s l i g h t l y  o u t s i d e  t h e  l i m i t s  s u g g e s t e d  b y  K e r n  [ 6 . 1 9 ] .  T h e  m i x t u r e  i s  k n o w n  a s  a n  R C A  
s t a n d a r d  c l e a n  1  o r  S C - 1 .  T h i s  p r o c e d u r e  w a s  d e s i g n e d  t o  r e m o v e  o r g a n i c  s u r f a c e  f i l m s  b y  
o x i d a t i v e  b r e a k d o w n  a n d  d i s s o l u t i o n  t o  e x p o s e  t h e  s i l i c o n  o r  o x i d e  s u r f a c e  f o r  c o n c u r r e n t  
o r  s u b s e q u e n t  d e c o n t a m i n a t i o n  r e a c t i o n s .  G r o u p  I B  a n d  I I B  m e t a l s  a n d  s e v e r a l  o t h e r  
m e t a l s ,  i n c l u d i n g  g o l d ,  s i l v e r ,  c o p p e r ,  n i c k e l ,  c a d m i u m ,  z i n c ,  c o b a l t ,  a n d  c h r o m i u m ,  a r e  
d i s s o l v e d  a n d  r e m o v e d  b y  a m m o n i u m  h y d r o x i d e .
T h e  s e c o n d  t r e a t m e n t  s t e p  e x p o s e s  t h e  r i n s e d  w a f e r  t o  a  h o t  m i x t u r e  o f  w a t e r - d i l u t e d  
h y d r o g e n  p e r o x i d e  a n d  h y d r o c h l o r i c  a c i d .  T h i s  p r o c e d u r e  w a s  d e s i g n e d  t o  r e m o v e  a l k a l i  
i o n s ,  a n d  c a t i o n s  s u c h  a s  A l + 3 , F e + 3 , a n d  M g + 2 . T h i s  s e c o n d  s t e p  a l s o  e l i m i n a t e s  m e t a l l i c  
c o n t a m i n a n t s  t h a t  w e r e  n o t  e n t i r e l y  r e m o v e d  b y  t h e  f i r s t  s t e p  t r e a t m e n t ,  s u c h  a s  g o l d .  T h e  
v o l u m e  r a t i o s  u s e d  a r e  7 . 7  H 2 0  : 1  H 2O 2 : 1  H C I ,  a n d  t h e  m i x t u r e  i s  k n o w n  a s  R C A  
s t a n d a r d  c l e a n  2 ,  o r  S C - 2 .
I m m e r s i o n s  a r e  t y p i c a l l y  1 0  m i n u t e s  a t  7 5 - 8 0 ° C  i n  e a c h  s o l u t i o n .  H i g h e r  t e m p e r a t u r e s  
m u s t  b e  a v o i d e d  t o  m i n i m i s e  e x c e s s i v e  t h e r m a l  d e c o m p o s i t i o n  o f  t h e  h y d r o g e n  p e r o x i d e .  
I n t e r m e d i a t e  a n d  f i n a l  r i n s e s  i n  u l t r a  f i l t e r e d  d e i o n i s e d  w a t e r  a r e  u s e d .
6 . 6 . 2  F a b r i c a t i o n  s t e p s
F o l l o w i n g  t h e  d e v e l o p m e n t  o f  S i O N  a n d  S i 3N 4 d e p o s i t i o n ,  d e e p  e t c h  a n d  s h a l l o w  g r a t i n g  
p a t t e r n i n g  p r o c e s s e s ,  t h e  a u t h o r  t o g e t h e r  w i t h  t h e  t e c h n i c a l  s t a f f  a t  t h e  S o u t h a m p t o n  
U n i v e r s i t y  f a b r i c a t i o n  f a c i l i t y  d e v i s e d  t h e  f o l l o w i n g  f a b r i c a t i o n  p r o c e d u r e :
1. E -beam  m ask/reticle w riting
U s i n g  f i l e s  c r e a t e d  b y  t h e  L - E d i t  s o f t w a r e  p a c k a g e ,  m a s k s  h a v e  b e e n  w r i t t e n  b y  
d i r e c t  w r i t e .  M a s k  b l a n k s  ( H o y a  N A  5 0 0 9  2 C  A R 3 )  a r e  m a d e  o f  g l a s s ,  w h i l e  
o p a q u e  r e g i o n s  a r e  o f  c h r o m e .  T h e  r e t i c l e  p a t t e r n s  a r e  p r i n t e d  011 w a f e r s  b y  t h e  
s t e p - a n d - r e p e a t  p r i n t i n g .
2 . FNA clean
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3. S tepper photo lithography (reticle K a82rw , layer SOI, L fie ld , 0.8pm  resist 
thickness)
4. H ardbake fo r  dry> etch
5. D ry  Si etch, 23 Own
T h e r e  w e r e  t w o  s t e p s  d u r i n g  t h e  e t c h i n g .  T h e  f i r s t  w a s  a p p l i e d  f o r  / i = 1 5 s e c  a n d  
t h e  s e c o n d  f o r  / 2 = l m i n  l O s e c  w i t h  t h e  H B r  g a s  f l o w  o f  g / i = 2 0 s c c m  a n d  
g / 2 = 4 0 s c c m ,  a n d  r a n  p r e s s u r e  o f  Jp i = 2 m T o r r  a n d  / ? 2 = 5 m T o r r  ( b a s e  p r e s s u r e  
3 x 1 0 ' 7 T o i t ) ,  r e s p e c t i v e l y .
6 . R esist strip
7 .  FNA clean
8 . E -beam  lithography (reticle K a82rw , layer G l, D  fie ld )
9. H ardbake f o r  dry etch
10. Shallow  Si etch, lOnm (80+  etcher, CF4)
11. R esist strip
12. RCA clean
13. PE C VD  S iO N  deposition, d —lOOOnm, n —1.467
1 4 .  CM P (Chem ical M echanical Polish), 430nm  target thickness (200mn on top o f  Si)
15. P o st CM P clean
16. RCA clean
17. PE C VD  Si3N 4 deposition, 500nm
B a s e  p r e s s u r e  2 . 5 x 1  0"6T o i t ;  R u n  p r e s s u r e  5 0 2 m T o r r .
G a s  f l o w s :  S i F L i  ( 5 % ) / N 2  7 8 0 s c c m ,  N H 3  5 0 s c c m .
P f o r = 1 0 W 5 P r e f = O W ;  T= 3 0 2 ° C ;  * = 7 7 m i n .
18. FNA clean
191
6 Fabrication
19. S tepper ph oto lithograph y (reticle K a82nv, layer G2, dark fie ld , 0.8pm  resist 
thickness)
D a r k  f i e l d  ( o p p o s i t e  t o  l i g h t  f i e l d )  m e a n s  a  f e w  t r a n s p a r e n t  a r e a s  i n  t h e  m a s k .  
P a t t e r n e d  a r e a  i s  s m a l l  c o m p a r e d  t o  t h e  w a f e r  s i z e .
20. H ardbake fo r  dry etch
21. Si3N 4 etch 20nm (darkfiled , 80+  etcher, CHF3+A 1)
22. R esist strip
23. RCA clean
24. PECVD  S iO N  deposition, d —150nm, n —1.467
25. PE C VD  S iO N  deposition, d=5pm , n = 1 .478
26. FNA clean
27. S tepper photo lithography (reticle K a82rw , layer SN, light fie ld , 2 .2pm  resist)
28. H ardbake fo r  dry  etch
29. D eep  dry  S iO N  etch, 5 .150pm  (80+  etcher, CHF3+Ar)
30. SisN4 etch, 500nm (80+  etcher, CHF3+ A 1)
31. R esist strip
32. FNA clean
A l l  t h e s e  s t e p s  a r e  s h o w n  i n  L M S  ( L a b  M a n a g e m e n t  S y s t e m )  l i s t ,  i n  F i g u r e  6 . 2 3 .  L M S  i s  
a n  o f f i c i a l  d a t a b a s e  o f  a l l  f a b r i c a t i o n  p r o c e s s e s ,  a t  t h e  f a c i l i t y  i n  S o u t h a m p t o n  U n i v e r s i t y .  
I t  c o n t a i n s  d e t a i l s  f o r  e v e r y  f a b r i c a t i o n  s t e p .  T h e  f a b r i c a t i o n  o f  t h e  c o u p l e r  i s  p r e s e n t e d  a s  
a  t w o - b r a n c h  p r o c e s s .  O n e  b r a n c h  i s  t h e  s i n g l e - g r a t i n g  d e v i c e  f a b r i c a t i o n  w h i c h  w i l l  b e  a  
p a r t  o f  t h e  f u t u r e  w o r k ,  w h i l s t  t h e  s e c o n d  i s  t h e  f a b r i c a t i o n  o f  D G A D C .
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t 2 3 4 5 »  B  
t t M T s
D * » c ^ t o n
SMHA CXroi G io t r g  A s u i te d  D irectional C ouptoi
S o
G-SJO THto P ag o  « w ater*. MATf R iA l'S m ry p o  * 1 0 0 . 10% ~ i  (W1 2 7.8 9 ) . 4»SO< w ater* proviood
(W 3.4.S6)
P-F M E BEAM M osk/Rohcta Writing 
f t - ! P L ithography N otes
G -l N o tebook  p a g e
A 0  ‘ 'K C A c io o tt fW7 «.«)
fS-OOOiP ' Pod o n d n h o n  ROOdegC. 20nm « - V im  0 2  « HC)
ID OO PECVD OXIDE d eposition ; 3000nm
W-C2 ' Funvng Nitnc o c id  c to o n . 2 nd  p o t only (W1-w*)
P-GSOB - STEPPER P h o to lth  roliclo Ko*2rw (SOI). I Field: nom  0 #um  revs!
6 - 2  '  S ee  Fngm eer lor instructions (Pattern  inspection)
P-RHBD ' H ottftx ike tor dry eFch
0  0  Dry e tc h  $i KBr procos* . resist m osk  ta rg e t  D oplh 2J0nm
P-9S ' Resist stop
• Fuming Nttnc o c ia  c le a n , 2nd  p o l only
• E-BFAM lithography: layer KoB2n* <G1) Dork Field (W I-W 6)
• S en  Fngtnoot lor insituc Isons (Potrorn Inspection)
• H a rd b a k e  loi dry e tc h  
ShaHow e tc h  St Anisol lOnm F orA N Y ievst OPTBO. CF4
• R ees! stop IN FNA
• S ee  Engineer lor instructions SEE TONY BIACKIURN
h o m ors* . nspoc.hon tor e tc h  re s id u e s  • REF PROBlEMS ON GORAN BATCH K2J49
• RCA c le a n
.  G e n e ra l PECVD deposition ; O xm .tnde lOOOnm
CM Potnh nil 430nm  o x in itnae  lett (0 2 em  ten o n  th e  S, gratings)
• Posl CMP c le o n
PECVD NITRIDE d eposition , SOOnm (W7.B.9)
• Fuming Nitric OCtd C toon. 2nd  p o l only
• STEPPER Photonlti: re tic le  KoB2rw (G3>. D l ie ld  n o rv  O.Bum resist (W .S .9 )
■ S ee  E ngineer lot inspection* (Pattern  Inspection)
'  H a rd b a k e  tor dry  e tc h
F1chSi3N4 Antsot 20nm 07F EBMf/OPTlCAl resist OPTBO. CHFJ.A r 
" Resist stop in FNA
• RCA c le a n
.  G e n era l PECVD deposition , O xim lnde ISOnm wilh Rt*l .4*7 
.  G e n era l PECVD d o p o e h o n . O situlm to Sum with R!» I 477
■ Fuming Ndnc o c id  c le o n . 2 n d  p o l on ly  (W7.B.9)
• STEPPER Photokth. re tic le  KaS2rw (SN), I  Field nom . 2 2um  resist (For Si e tc h » 1 u m  or m o w
'  S ee  Engineer lot m struebon* (Potle tn  m spectton i
• H a rd b a k e  tot d ry  e tc h
G-2 
P R M B D
Dry e tc h , S pecity  p ro c e s s  l  icit very  thick oxwkbido <S I Sum) o n d  s top  o l  a  p re c ise  d e p th  
'•••THtSlSBESI EFFORT""
Etch &3N4 Anisol. SOOnm I f f  EBMF/OPTlCAl resist OPTBO. CMF3«At
■ Revs) s top
‘ Fuming Nitric o c id  c ie o n . 2 n d  p o l ooty 
‘ RCA c to o n  (WI-W6)
PECVD NlTRiDE d ep o v h o n : SOOnm
■ Fuming Nitnc o c  id c le a n , 2 n d  p o l only
■ STEPPE R Photo,ito; reh cto  Ko*2rw (G2). D Held, nom , 0  Bum revs! (w  t -'.VS)
■ S ee  E ngineer tor in snucfton i (Pntirw.n in spection )
• H a rd b a k e  tor dry  e tc h
Etch Si3N4 An,sol 20nm  O ff EBMF/OPIICAl resist OPTBO. CH FJ.A r
• Resist Ship in FNA
• S ee  E ngineer tor Instiuchoos SEE TONY BlACkBURN
Nom arski , ru p e e  hon  lor e tc h  res id u es  - REF PROBlEMS ON GORAN BATCH K234<7
• RCA c to o n
.  G e n e ra l PECVD d eposition . O xtrolnde ISOnm with Rl-1 4*7 
.  G erserol PECVD dep o sitio n  O junitndo Sum with Rt*l 477 
’ Fuming Nrtrlc o c id  c le a n  2 nd  p o l only (Wl -W6>
• STtPPFP ptsoloiith ro h c le  koB?rw CSN), I Field: n o m  2 2om  re v st (For S« e tc h *  tu rn  or m e  to!)
• S ee  Engineer lor in sb u cb o ra  (Pattern  in spection )
• H a rd b a k e  tor dry  e tc h
3 4 5 6 ID D escription
G -2  ’ S ee  E ngineer for instructions (There is a  Iriol b a tc h  lot this d e e p  e tc h )
D-0 Dry e tc h : Specify  p ro c e s s  Etch very  th ick  oxireb tde (5 1 Sum) a n d  s to p  o l  a  p re c is e  d e p th
D-N1F Etch Si3N4 Anisol, 500nm  l/F  EBMF/OPTICAl rovsl OPTBO. CHF3*Ar
P RS '♦ Revs! s 'tip
W -C2 ‘ fu m in g  Nitric o c id  c le a n , 2 nd  p o t only
Figure 6.23. LMS list o f  the coupler fabrication
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6.7 Summary
A f t e r  t h e  e x t e n s i v e  d e s i g n  s t a g e  o f  t h e  p r o j e c t ,  d e t a i l e d  a n a l y s i s  o f  t h e  d e v i c e  f a b r i c a t i o n  
h a d  t o  b e  d o n e .  T h e r e  w e r e  s e v e r a l  f a b r i c a t i o n  s t e p s  t h a t  n e e d e d  t o  b e  a d d r e s s e d .  O n e  o f  
t h e  m o s t  i m p o r t a n t  w a s  d e p o s i t i o n  o f  S i O N  l a y e r s  w i t h  a  v e r y  p r e c i s e  r e f r a c t i v e  i n d e x .  
T h e r e f o r e ,  t h e  c h a r a c t e r i s a t i o n  o f  t h e  d e p o s i t i o n  s y s t e m  ( D E P  9 0 )  h a d  t o  b e  p e r f o r m e d .  
E l l i p s o m e t i y  a n d  A T R ,  a s  t w o  c o m p l e m e n t a r y  t e c h n i q u e s ,  h a v e  s h o w n  t h a t  i t  i s  p o s s i b l e  
t o  a c c u r a t e l y  c o n t r o l  t h e  r e f r a c t i v e  i n d e x  o f  P E C V D  s i l i c o n  o x y n i t r i d e .  H i g h e r  n i t r o u s  
o x i d e  g a s  f l o w  i s  d e s i r a b l e  b e c a u s e  i t  g i v e s  b e t t e r  u n i f o r m i t y  a n d  l a y e r s  w i t h  r e f r a c t i v e  
i n d i c e s  c l o s e r  t o  t h e  o x i d e  r e f r a c t i v e  i n d e x .  R e a c t i v e  i o n  e t c h i n g  h a s  b e e n  t h e  e t c h i n g  
t e c h n i q u e .  F o r  d e e p  S i O N  e t c h i n g ,  a n d  S i s N 4 e t c h i n g ,  a n  8 0 +  e t c h e r  h a s  b e e n  u s e d .  I t  h a s  
b e e n  a l s o  u s e d  f o r  s h a l l o w  g r a t i n g s  e t c h  b e c a u s e  o f  a  g o o d  g r a t i n g  h e i g h t  c o n t r o l .  O n  t h e  
o t h e r  h a n d ,  t h e  I C P  e t c h i n g  h a s  b e e n  u s e d  f o r  t h e  d e e p e r  s i l i c o n  e t c h .  A l l  e t c h i n g  
p r o c e s s e s  h a v e  g i v e n  s a t i s f a c t o r y  r e s u l t s .
B e c a u s e  o f  d i f f e r e n t  p e r i o d s ,  t h e  f i r s t  g r a t i n g  h a s  b e e n  p a t t e r n e d  b y  s t e p - a n d - r e p e a t  
l i t h o g r a p h y ,  w h i l e  t h e  s e c o n d ,  h a v i n g  t h e  h a l f  p e r i o d  o f  « 0 . 7 p m ,  h a s  b e e n  p a t t e r n e d  b y  e -  
b e a m  l i t h o g r a p h y .
A  c h i p  c o m p r i s e s  t w o  v a r i a n t s  o f  t h e  D G A D C ,  ‘ s i n g l e ’ a n d  ‘ d o u b l e ’ c o n f i g u r a t i o n s ,  w i t h  
d i f f e r e n t  g r a t i n g  p e r i o d s .  T h e  L - E d i t  s o f t w a r e  p a c k a g e  h a s  b e e n  u s e d  f o r  t h e  m a s k  d e s i g n .
S O I  w a f e r s ,  o b t a i n e d  f r o m  S O I T E C ,  w e r e  c h a r a c t e r i s e d  i n  t e r m s  o f  t h e  t h i c k n e s s  a n d  
r e f r a c t i v e  i n d e x .  M e a s u r e m e n t s  h a v e  s h o w n  v a r i a t i o n  o f  t h e  t h i c k n e s s  o f  u p  t o  5 n m .  
F i n a l l y ,  t h e  l i s t  o f  a l l  f a b r i c a t i o n  s t e p s ,  w i t h  s o m e  e x p l a n a t i o n s ,  h a s  b e e n  g i v e n .
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7  R e s u l t s  a n d  D i s c u s s i o n
I n  t h e  p r e v i o u s  c h a p t e r s  c o u p l i n g  i s s u e s  i n  s i l i c o n  p h o t o n i c s  w e r e  d i s c u s s e d ,  a n d  d i f f e r e n t  
s o l u t i o n s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  p r e s e n t e d .  D e s i g n  o f  t h e  D G A D C  w a s  g i v e n  i n  d e t a i l  
a s  w e l l  a s  a  d i s c u s s i o n  o f  t h e  f a b r i c a t i o n  t e c h n i q u e s .  S a m p l e s  c o m p r i s i n g  b o t h  ‘ s i n g l e ’ 
a n d  ‘ d o u b l e ’ D G A D C s  w e r e  f a b r i c a t e d .  I n  t h i s  c h a p t e r ,  s a m p l e  p r e p a r a t i o n ,  m e a s u r e m e n t  
t e c h n i q u e s ,  r e s u l t s  a n d  d a t a  a n a l y s i s  a r e  g i v e n .  T h e  a u t h o r  e a r n e d  o u t  s a m p l e  p o l i s h i n g ,  
m e a s u r e m e n t s ,  a n a l y s i s  o f  r e s u l t s ,  a n d  p r e s e n t a t i o n  o f  n e w  d a t a  d e m o n s t r a t i n g  t h e  h i g h e s t  
e x p e r i m e n t a l  c o u p l i n g  e f f i c i e n c y  t o  d a t e  f o r  a  g r a t i n g  b a s e d  c o u p l e r .
7.1 Sample preparation
T o  p e r f o r m  t h e  m e a s u r e m e n t s ,  t h e  s a m p l e s  h a d  t o  b e  d i c e d  a n d  t h e i r  f a c e t s  p r e p a r e d .  T h e  
q u a l i t y  o f  t h e  w a v e g u i d e  e n d f a c e  i s  h e a v i l y  d e p e n d e n t  u p o n  t h e  p r e p a r a t i o n  t e c h n i q u e .  
T h e r e  a r e  t h r e e  m a i n  t e c h n i q u e s  t o  p r e p a r e  t h e  e n d f a c e  o f  t h e  w a v e g u i d e s :  c l e a v i n g ,  
e t c h i n g ,  a n d  p o l i s h i n g  [ 7 . 1 ] .  P o l i s h i n g  i s  p r o b a b l y  t h e  m o s t  c o m m o n  m e t h o d  o f  p r e p a r i n g  
a  w a v e g u i d e  f a c e t ,  a n d  i t  w a s  u s e d  i n  t h i s  w o r k .
T h e  s a m p l e  e n d f a c e  i s  p o l i s h e d  b y  l a p p i n g  w i t h  a b r a s i v e  m a t e r i a l s  w i t h  s e q u e n t i a l l y  
d e c r e a s i n g  g r i t  s i z e s .  U s u a l l y  a  p r e s c r i b e d  ‘r e c i p e ’ i s  f o l l o w e d  w h i c h  c a n  r e s u l t  i n  a n  
e x c e l l e n t  s u r f a c e  f i n i s h .  T h e  o b j e c t i v e  o f  a n y  s u r f a c e  p r e p a r a t i o n  t e c h n i q u e  i s  t o  p r o d u c e  a  
s u f f i c i e n t l y  s m o o t h  f a c e t  s u c h  t h a t  o p t i c a l  s c a t t e r i n g  i s  r e d u c e d  a s  m u c h  a s  p o s s i b l e .  T h e  
e n d  f a c e t s  o f  t h e  w a v e g u i d e  m u s t  h a v e  h i g h  o p t i c a l  q u a l i t y  s o  t h a t  t h e  c o u p l i n g  l o s s  i s  
m i n i m i s e d  a n d  a m o u n t  o f  l i g h t  r e c e i v e d  a t  t h e  o u t p u t  m a x i m i s e d .  T h i s  m e a n s  t h a t  f e a t u r e s  
a p p r o a c h i n g  t h e  d i m e n s i o n s  o f  t h e  o p t i c a l  w a v e l e n g t h  s h o u l d  n o t  b e  p r e s e n t .
T h e  d i c e d  c h i p s  w h i c h  m e a s u r e  a p p r o x i m a t e l y  1 4 x 1 2  m m 2 , m u s t  b e  a t t a c h e d  o n t o  a n  i n -  
h o u s e  m a c h i n e d  s a m p l e  h o l d e r  ( S H )  u s i n g  w a x  ( F i g u r e  7 . 1 ) .  T h e  S H  c o m p r i s e s  t w o  p a r t s ,  
a n  u p p e r  s e c t i o n  t o  w h i c h  s a m p l e s  a r e  a d h e r e d ,  a n d  a  b a s e .  T h i s  e n a b l e s  t h e  s a m p l e s  t o  b e  
r e v e r s e d  w i t h o u t  m u l t i p l e  w a x i n g  s t a g e s ,  t o  p o l i s h  b o t h  f a c e t s .  A  h o t p l a t e  i s  u s e d  f o r
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h e a t i n g  u p  t h e  w a x .  W a x  i s  u s e d  a s  i t  c a n  b e  e a s i l y  r e m o v e d  w i t h  a c e t o n e .  O n c e  t h e  S H  i s  
h e a t e d  ( ~ 1 2 5  ° C ) ,  w a x  i s  a p p l i e d  t o  t h e  s i d e s  o f  t h e  S H .  T h e  S H  w i l l  h o l d  t h e  d e v i c e  i n  a  
v e r t i c a l  f a s h i o n  w i t h  t h e  e d g e s  t o  b e  p o l i s h e d  o n  e i t h e r  s i d e  o f  t h e  c h i p ,  p r o t r u d i n g  b y  
- 3 m m  a s  s h o w n  i n  F i g u r e  7 . 1 .  T h e  s a m p l e s  a r e  t h e n  r e m o v e d  f r o m  t h e  h o t p l a t e  a n d  l e f t  t o  
c o o l  d o w n  t o  r o o m  t e m p e r a t u r e  s o  a s  t o  a l l o w  t h e  w a x  t o  h a r d e n .  E x c e s s i v e  a m o u n t s  o f  
w a x  s h o u l d  n o t  b e  a p p l i e d  o n t o  t h e  s i d e s  o f  t h e  S H  a s  d o i n g  s o  w i l l  c a u s e  t h e  w a x  t o  
i n t e r a c t  w i t h  t h e  p o l i s h e r  w h e n  p o l i s h i n g  i s  t a k i n g  p l a c e  a n d  s m e a r  t h e  s a m p l e  e n d f a c e .  
T h i s  m a y  r e s u l t  i n  a n  u n e v e n  s u r f a c e .
Figure 7 . 1. Preparation for the sample polishing
O n c e  t h e  w a x  h a s  c o o l e d  d o w n ,  t h e  s a m p l e s  a r e  r e a d y  t o  b e  p o l i s h e d .  P o l i s h i n g  w a s  
p e r f o r m e d  v i a  a  M E T A S E R V ®  2 0 0 0  G r i n d e r / P o l i s h e r  ( F i g u r e  7 . 2 ) .  T h e  o p e r a t i o n  a l l o w s  
s e m i - a u t o m a t i c  p o l i s h i n g  a n d  i s  s i m p l e  t o  u s e .  I t  c o n s i s t s  o f  a  c l a m p  t o  h o l d  t h e  s a m p l e s  
a n d  t h e  S H  o n t o  t h e  p o l i s h i n g  p l a t e .  T h i s  f r e e s  t h e  u s e r  a n d  d o e s  n o t  r e q u i r e  m a n u a l  
h o l d i n g  o f  t h e  s a m p l e  d u r i n g  p o l i s h i n g .
A  g o o d  p o l i s h i n g  r e c i p e  i s  o n e  t h a t  r e s u l t s  i n  o p t i c a l l y  f l a t  f a c e t s .  T h e r e f o r e ,  n u m e r o u s  
p o l i s h i n g  a t t e m p t s  w e r e  c a r r i e d  o u t  t o  f i n d  t h e  o p t i m u m  r e c i p e  ( t y p e s  o f  p o l i s h i n g  d i s c s ,  
t i m e ,  p r e s s u r e ,  r o t a t i o n  s p e e d  e t c . ) .  T h e  s a m p l e  e n d f a c e  p o l i s h i n g  b e g i n s  w i t h  t h e  c o a r s e s t  
g r i t  p a d ,  w h i c h  w a s  a  S i l i c o n  C a r b i d e  ( S i C )  2 4 0 0  p a d .  T h e  s a m p l e  a l o n g  w i t h  t h e  S H  i s  
p l a c e d  a n d  c l a m p e d  o n  t h e  p o l i s h i n g  a r e a .  E x c e s s i v e  c l a m p i n g  p r e s s u r e  i s  n o t  d e s i r a b l e  a s  
t h i s  m a y  d a m a g e  t h e  s a m p l e s  d u e  t o  d i s l o c a t i o n  d u r i n g  p o l i s h i n g .  F i l t e r e d  w a t e r  i s  t h e n  
d i r e c t e d  o n  t h e  p o l i s h i n g  w h e e l .  T h i s  i s  t o  l u b r i c a t e  t h e  c h i p  s u r f a c e  d u r i n g  p o l i s h i n g .  T h e  
f i l t e r e d  w a t e r  i s  a l w a y s  d i r e c t e d  i n  t h e  p a t h  o f  t h e  s a m p l e  s o  t h a t  a l l  r e m o v e d  m a t e r i a l  w i l l
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b e  q u i c k l y  f l u s h e d  a w a y  a s  r e m o v e d  m a t e r i a l  w i l l  a c t  a s  g r i t  a n d  s c r a t c h  t h e  s a m p l e .  T h e  
p l a t e n  r o t a t i o n  s p e e d  s h o u l d  b e  i n  t h e  r a n g e  1 0 0 - 1 5 0 r p m  f o r  t h i s  i n i t i a l  s t e p ,  a n d  
a f t e r w a r d s  i t  i s  d e c r e a s e d  t o  5 0 r p m  f o r  c o n s e q u e n t  s t e p s .
Figure 7.2. METASERV® 2000 Grinder/Polisher [7.2]
T o  i m p r o v e  t h e  q u a l i t y  o f  t h e  p o l i s h e d  s u r f a c e s ,  f i n e r  a n d  f i n e r  r e s o l u t i o n  g r i t  p a d s  a r e  
r e q u i r e d  s e q u e n t i a l l y .  A s  m e n t i o n e d  a b o v e ,  t h e  g r i t  p a d  r e s o l u t i o n  m u s t  b e  s i g n i f i c a n t l y  
s m a l l e r  t h a n  t h e  w a v e g u i d e  i t s e l f .  T h e  p o l i s h i n g  d u r a t i o n  f o r  e a c h  g r i t  p a d  w a s  d e t e r m i n e d  
a f t e r  f r e q u e n t  p r o g r e s s  c h e c k s  o b s e r v i n g  t h e  s a m p l e  e d g e  u n d e r  a  h i g h  p o w e r  o p t i c a l  
m i c r o s c o p e  ( u p  t o  2 0 0 x  m a g n i f i c a t i o n ) .  A t  t h e  s a m e  t i m e ,  t h e  s a m p l e  s u r f a c e  r o u g h n e s s  
w a s  a l s o  c h e c k e d  t o  e n s u r e  t h a t  t h e  s u r f a c e s  h a v e  m e t  t h e  r o u g h n e s s  r e s o l u t i o n  o f  t h a t  
p a r t i c u l a r  g r i t  p a d ,  a g a i n  u s i n g  t h e  h i g h  p o w e r  m a g n i f i c a t i o n  m i c r o s c o p e .  O n c e  t h e  
s u r f a c e  o f  o n e  s i d e  o f  t h e  s a m p l e  i s  d e e m e d  t o  h a v e  a  s u r f a c e  q u a l i t y  t h a t  c o n f o r m s  t o  t h e  
r e s o l u t i o n  o f  t h e  p a r t i c u l a r  g r i t  p a p e r  u s e d ,  a  s i m i l a r  p o l i s h i n g  p r o c e d u r e  i s  a p p l i e d  t o  t h e  
o p p o s i t e  s u r f a c e .  O n l y  a f t e r  t h e  e n d f a c e  q u a l i t y  o f  t h i s  o p p o s i t e  s u r f a c e  m e e t s  t h e  d e s i r e d  
q u a l i t y ,  w i l l  t h e  p o l i s h i n g  b e  a l l o w e d  t o  p r o c e e d  t o  t h e  n e x t  s t a g e  w i t h  a  f i n e r  g r i t  p a d .
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T h e  s a m p l e  i s  a l w a y s  c l e a n e d  b e t w e e n  s t e p s  t o  p r e v e n t  c o n t a m i n a t i o n .  T a b l e  7 . 1  l i s t s  t h e  
o r d e r  o f  p o l i s h i n g  p a d s  b e i n g  u s e d  a n d  t h e i r  c o r r e s p o n d i n g  r e s o l u t i o n s .
Table 7.1. Polishing procedure
Polishing
stage
Pad Resolution
1 S i C  # 2 4 0 0 9 0 0 0 n m
2 S i C  # 4 0 0 0 5 0 0 0 n m
3 D i a m o n d  o r  A 1 0 2 l O O O n m
4 a i o 2 3 0 0 n m
5 a i o 2 5 0 n m
O n c e  t h e  p o l i s h i n g  i s  c o m p l e t e ,  t h e  s a m p l e s  a n d  S H  a r e  m o u n t e d  o n t o  t h e  b a s e  a n d  h e a t e d  
t o  - 1 2 5  ° C  t o  d i s l o d g e  t h e  s a m p l e s  f r o m  t h e  S H .  T h e  s a m p l e s  a r e  t h e n  g e n t l y  c l e a n e d  
w i t h  a c e t o n e  t o  r e m o v e  w a x .  S u c h  p r e p a r e d  s a m p l e s  a r e  r e a d y  f o r  m e a s u r e m e n t .
7.2 Experimental setup
F i g u r e  7 . 3  i s  a  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  s e t u p  u s e d  t o  s t u d y  t h e  d e v i c e s .  T h e  s e t u p  
w a s  d e s i g n e d  t o  a l l o w  t h e  g r e a t e s t  f l e x i b i l i t y  i n  m a k i n g  m e a s u r e m e n t s .  F o r  i n s t a n c e ,  
e i t h e r  o n e  o r  b o t h  o f  t h e  o b j e c t i v e  l e n s e s  o n  t h e  p i e z o e l e c t r i c  s t a g e s  c a n  b e  r e p l a c e d  w i t h  
s i n g l e  m o d e  f i b r e s  i f  n e c e s s a r y .  A s  s h o w n ,  h o w e v e r ,  t h e  s e t u p  i s  i n  a  f r e e  s p a c e  
m e a s u r e m e n t  c o n f i g u r a t i o n .  A  b r i e f  d e s c r i p t i o n  o f  t h i s  s e t u p  a n d  i t s  c o m p o n e n t s  i s  g i v e n  
b e l o w .
T h e  f i r s t  a n d  p r o b a b l y  t h e  m o s t  i m p o r t a n t  p i e c e  o f  e q u i p m e n t  u s e d  i s  t h e  L i g h t w a v e  
M e a s u r e m e n t  S y s t e m  ( m o d e l  8 1 6 4 A )  m a d e  b y  A g i l e n t .  T h e  s y s t e m  i s  b a s i c a l l y  a  
m a i n f r a m e  t h a t  c o n t r o l s  a n d  h o u s e s  a  t u n e a b l e  l a s e r  ( m o d e l  8 1 6 4 0 A )  a n d  o p t i c a l  p o w e r  
d e t e c t o r  i n t e r f a c e  m o d u l e  ( m o d e l  8 1 6 1 8 A ) .  C o n n e c t e d  t o  t h e  i n t e r f a c e  m o d u l e  i s  t h e  
d e t e c t o r  h e a d  ( m o d e l  8 1 6 2 4 B ) .  T h i s  h e a d  i s  s e n s i t i v e  i n  t h e  w a v e l e n g t h  r a n g e  o f  8 0 0 m n  
t o  2 4 0 0 n m .  T h i s  i s  w e l l  s u i t e d  t o  t h e  m e a s u r e m e n t  n e e d s  a s  t h e  o p e r a t i n g  r a n g e  o f  t h e  
t u n e a b l e  l a s e r  i s  1 5 2 0 n m  t o  1 6 2 0 n m .  T h e  m o d u l e  c a n  b e  u s e d  m a n u a l l y  o r  c o n t r o l l e d  v i a  
a  G e n e r a l  P u i p o s e  I n t e r f a c e  B u s  ( G P I B )  c a b l e  a n d  c a r d  t h a t  i s  a t t a c h e d  t o  a  c o m p u t e r .  A  
p r o g r a m  i n  L a b v i e w  i n t e r f a c e s  t h e  c o m p u t e r  w i t h  t h e  m a i n f r a m e .  I t  c a n  t u n e  t h e  l a s e r
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w h i l s t  s i m u l t a n e o u s l y  r e a d i n g  t h e  p o w e r  m e a s u r e d  b y  t h e  d e t e c t o r .  T h i s  p r o g r a m  i s  v i t a l  
i n  d a t a  c o l l e c t i o n  a n d  w a s  u s e d  e x t e n s i v e l y .
Figure 7.3. Free space experimental setup
T h e  l a s e r  s o u r c e  i s  a n  I n G a A s P  F a b r y - P e r o t  ( F P )  t u n e a b l e  l a s e r  ( T L S )  w i t h  o p e r a t i n g  
w a v e l e n g t h  b e t w e e n  1 5 2 0 n m  a n d  1 6 2 0 n m .  A t  a  w a v e l e n g t h  o f  1 5 5 0 n m ,  t h e  m a x i m u m  
o u t p u t  p o w e r  i s  a p p r o x i m a t e l y  2 . 2 m W  a t  t h e  r o o m  t e m p e r a t u r e  ( F i g u r e  7 . 4 ) .  L i g h t  o u t p u t  
f r o m  t h e  T L S  i s  T E  p o l a r i s e d  a n d  t h e  b e a m  w a i s t  d i a m e t e r  i s  9 p m .
wavelength (nm)
Figure 7.4. Tunable laser output power
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T h e  o u t p u t  o f  t h e  l a s e r  i s  f i b r e  c o u p l e d .  T h e r e f o r e  i n  o r d e r  t o  a l l o w  t h e  b e a m  t o  p r o p a g a t e  
i n  f r e e  s p a c e  t h e  l i g h t  m u s t  b e  s e n t  t h r o u g h  a  c o l l i m a t i n g  o b j e c t i v e  l e n s .  A  p o l a r i s a t i o n  
m a i n t a i n i n g  f i b r e  i s  u s e d  t o  c o n n e c t  t h e  l a s e r  t o  t h e  c o l l i m a t i n g  o b j e c t i v e .  T h i s  i s  
i m p o r t a n t  a s  o n e  o f  t h e  c r i t i c a l  e f f e c t s  t o  b e  s t u d i e d  i s  h o w  t h e  p o l a r i s a t i o n  o f  l i g h t  a f f e c t s  
t h e  d e v i c e  p e r f o r m a n c e .
O n c e  t h e  b e a m  i s  i n  f r e e  s p a c e ,  i t  i s  s e n t  t h r o u g h  a  b r o a d b a n d  p o l a r i s i n g  c u b e  b e a m s p l i t t e r  
( N e w p o r t ,  p a r t #  1 0 F C 1 6 P B . 9 ) .  T h e  u s e  o f  t h i s  c u b e  i s  s i m p l y  t o  ‘ c l e a n  u p ’ t h e  o u t p u t  
b e a m  f r o m  t h e  l a s e r  s o  t h a t  i t  i s  i n  a  w e l l  d e f i n e d  p o l a r i s a t i o n  s t a t e  b e f o r e  e n t e r i n g  t h e  
c h i p .  T h e  b e a m  e x i t i n g  t h e  b e a m s p l i t t e r  i s  T E  p o l a r i s e d .  A  h a l f  w a v e  p l a t e  c a n  b e  p l a c e d  
i n  t h e  b e a m  p a t h  ( C V I ,  p a r t #  Q W P O - 1 5 5 0 - 1 0 - 2 - R / 5 ) .  T h i s  a l l o w s  t h e  p o l a r i s a t i o n  o f  t h e  
i n p u t  b e a m  t o  b e  c o n v e r t e d  f r o m  T E  t o  T M .
T h e  i n p u t  b e a m  i s  t h e n  f o c u s e d  d o w n  v i a  a  6 3 x  o b j e c t i v e  s o  t h a t  a s  m u c h  o f  t h e  i n p u t  
l i g h t  i s  i n s e r t e d  i n t o  t h e  d e v i c e  a s  p o s s i b l e .  T h e  l i g h t  l e a v i n g  t h e  d e v i c e  i s  t h e n  c o l l e c t e d  
a n d  c o l l i m a t e d  b y  u s i n g  a  4 0 x  ( o r  6 3 x )  o b j e c t i v e .  T h e  o u t p u t  b e a m  c a n  t h e n  b e  s e n t  e i t h e r  
t o  t h e  i n f r a r e d  c a m e r a  ( E l e c t r o p h y s i c s ,  m o d e l  7 2 9 0 A )  o r  t o  t h e  d e t e c t o r  h e a d  f o r  
m e a s u r e m e n t  b y  u s i n g  a  f l i p p e r  m i r r o r  ( N e w  F o c u s  m o d e l  9 8 9 1 M ) .  T h e  i n f r a r e d  c a m e r a  i s  
u s e d  f o r  d i a g n o s t i c  p m p o s e s .  I n  o r d e r  t o  e n s u r e  t h a t  t h e  l i g h t  c o m i n g  o u t  o f  t h e  c h i p  i s  
a c t u a l l y  p a s s i n g  t h r o u g h  t h e  d e s i r e d  w a v e g u i d e ,  t h e  o u t p u t  f a c e t  c a n  b e  i m a g e d  o n  a  
s c r e e n  ( F i g u r e  7 . 3 ) .
O n  e i t h e r  s i d e  o f  t h e  d e v i c e  h o l d e r ,  t h e r e  a r e  t w o  M e l l e s  G r i o t  N a n o M a x - H S  ( m o d e l  
1 7 M A X 3 0 1 )  x-y-z  s t a g e s .  T h e s e  t w o  s t a g e s  a r e  c o n n e c t e d  t o  p i e z o - c o n t r o l l e r s  w i t h  
f e e d b a c k  ( M e l l e s  G r i o t ,  m o d e l  1 7  P C Z  0 0 3 / 0 1 3 ) .  T h e  u s e  o f  p i e z o - c o n t r o l l e r s  a l l o w s  
a d j u s t m e n t s  o f  u l t r a - p r e c i s i o n  ( ~ 1 0 m n  r e s o l u t i o n ) .
7.3 Measurements
A s  i t  h a s  a l r e a d y  b e e n  m e n t i o n e d  i n  c h a p t e r  6 ,  e a c h  c h i p  c o n s i s t e d  o f  ‘ s i n g l e ’ a n d  
‘ d o u b l e ’ D G A D C  d e v i c e s  ( F i g u r e  7 . 5  a n d  F i g u r e  7 . 6 ,  r e s p e c t i v e l y ) .  I f  l i g h t  c a n  b e  
c a p t u r e d  a t  t h e  e n d  o f  t h e  ‘ s i n g l e ’ D G A D C  t h e r e  i s  n o  d o u b t  i t  i s  c o m i n g  f r o m  t h e  t h i n  
s i l i c o n  l a y e r .  A s  i t  c a n  b e  s e e n  f r o m  F i g u r e  7 . 5 ,  t h e r e  i s  n o t h i n g  a b o v e  s i l i c o n  w a v e g u i d e  
o n  m o r e  t h a n  h a l f  o f  t h e  c h i p  l e n g t h ,  e x c e p t  t h e  t h i n  S i O N  l a y e r .  A c t u a l l y ,  t h e  t h i c k n e s s  o f
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t h e  t h i n  S i O N  c o v e r  v a r i e d  a c r o s s  a  w a f e r ,  a n d  o n  m a n y  a r e a s  i t  w a s  c o m p l e t e l y  e t c h e d  
a w a y  ( F i g u r e  7 . 3 0 ) .
8mm
2mm 1.6mm 0.2mm 4.2mm
Figure 7.5. ‘Single ’ DGADC device (picture not to scale)
T h e  o u t p u t  f r o m  t h e  t h i n  s i l i c o n  l a y e r  i s  v e r y  d i v e r g e n t  a n d  t h e r e f o r e  m e a s u r e d  p o w e r  a t  
t h e  d e t e c t o r  m u s t  b e  d e t e r m i n e d  b y  t a k i n g  i n t o  a c c o u n t  p o w e r  l o s t  d u e  t o  d i v e r g e n c e .  I n  
a d d i t i o n ,  F r e s n e l  r e f l e c t i o n  a t  t h e  o u t p u t  f a c e t  i s  s i g n i f i c a n t .  H e n c e ,  t h e  ‘ d o u b l e 5 D G A D C  
c o n f i g u r a t i o n ,  s h o w n  i n  F i g u r e  7 . 6 ,  w a s  i n c l u d e d  i n t o  t h e  c h i p  d e s i g n ,  t o  e n a b l e  
m e a s u r e m e n t s  i n  w h i c h  m o s t  o f  t h e  o u t p u t  p o w e r  w o u l d  b e  c o l l e c t e d  b y  t h e  o b j e c t i v e  
l e n s .  I t  i s  w o r t h  n o t i n g  t h a t  t h e  ‘ d o u b l e ’ D G A D C  h a s  a  r e g i o n  w i t h  n o - g r a t i n g s ,  2 m m  i n  
l e n g t h ,  a t  b o t h  e n d s  t o  r e l a x  p o l i s h i n g  o f  t h e  s a m p l e s .  T h a t  l e a v e s  4 0 0  m i c r o n  g a p  
b e t w e e n  t h e  t w o  D G A D C s  ( F i g u r e  7 . 6 ) .  G r a t i n g  p e r i o d s  w e r e  v a r i e d  i n  b o t h  ‘ s i n g l e ’ a n d  
‘ d o u b l e ’ D G A D C  d e v i c e s ,  t o  e n a b l e  t h e  s h i f t  o f  t h e  c o u p l i n g  w a v e l e n g t h .
A l l  w a v e g u i d e s  a r e  - l O p m  w i d e ,  c l e a r l y  m a k i n g  t h e m  m u l t i m o d e .  T h e  r e a s o n  f o r  
c h o o s i n g  s u c h  w i d t h  w a s ,  a s  e x p l a i n e d  i n  t h e  d e s i g n  c h a p t e r ,  t o  u t i l i s e  t h e o r e t i c a l  
p r e d i c t i o n s  t h a t  w e r e  o b t a i n e d  b y  u s i n g  a  2 D  m o d e l ,  a s  c l o s e  a s  p o s s i b l e  t o  t h e  r e a l  
s i t u a t i o n  o f  h a v i n g  a  3 D  s t r u c t u r e .  T o  t h e  b e s t  o f  a u t h o r ’ s  k n o w l e d g e ,  a  3 D  c o m m e r c i a l  
s o f t w a r e  p a c k a g e  f o r  a n a l y s i n g  a  g r a t i n g - b a s e d  d i r e c t i o n a l  c o u p l e r  w a s  n o t  a v a i l a b l e  a t  t h e  
t i m e  o f  t h e  c o u p l e r  d e s i g n ,  a n d  t h e r e f o r e  t o  p r o v e  t h e  c o n c e p t  o f  c o u p l i n g  a n d  t o  d e s i g n
203
7 Results and Discussion
t h e  D G A D C ,  2 D  i n - h o u s e  s o f t w a r e  w a s  u s e d .  T h e  F i n i t e  E l e m e n t  M e t h o d  ( F E M )  s h o w e d  
t h a t  1 0  m i c r o n  w i d e  w a v e g u i d e s  w o u l d  b e ,  i n  t e r m s  o f  e f f e c t i v e  r e f r a c t i v e  i n d e x ,  v e r y  
s i m i l a r  t o  p l a n a r  w a v e g u i d e  s t r u c t u r e s  u s e d  i n  t h e  2 D  F l o q u e t - B l o c h  a n d  T M M  s o f t w a r e  
p a c k a g e s .  A l s o ,  w i t h  t h i s  w i d t h  t h e  p r o p a g a t i o n  l o s s  d u e  t o  t h e  r o u g h n e s s  o f  t h e  
w a v e g u i d e  s i d e  w a l l s  i s  e x c l u d e d .  T h e r e f o r e ,  t h i s  w i d t h  w a s  c h o s e n  d u r i n g  t h e  m a s k  
d e s i g n  a n d  f a b r i c a t i o n  o f  t h e  d e v i c e s .
8mm
3.8mm 0,4mm 0.2mm 1.6mm 2mm
>
SiON 5um
V
SiON
SiON 150nm J) SiON
Si3N4 500nm Si3N4
SiON 430nm SiONSi 230nm j) uu"uu“uu"*,u |
Si02
\
3um
Si substrate
Figure 7.6. 'Double’DGADC device (picture not to scale)
T h e  m a j o r i t y  o f  T E  o p t i m i s e d  d e v i c e s  d i d  w o r k .  T h e  a m o u n t  o f  p o w e r  c o l l e c t e d  a t  t h e  
o u t p u t  w a s  q u i t e  g o o d ,  a n d  i m a g e s  c a p t u r e d  b y  t h e  I R  c a m e r a  ( F i g u r e  7 . 3 )  i n d i c a t e d  t h i s  
( o n e  e x a m p l e  i s  s h o w n  i n  F i g u r e  7 . 7 ) .  T h e  c o u p l i n g  e f f i c i e n c y  w a s  m a i n l y  i n  t h e  r a n g e  
1 5 - 5 0 % .  T h i s  r e s u l t  i s  t h e  b e s t  o b t a i n e d  b y  a n y  g r a t i n g - a s s i s t e d  d i r e c t i o n a l  c o u p l i n g  
m e t h o d ,  a n d  a s  g o o d  a s  t h e  b e s t  r e s u l t s  o b t a i n e d  b y  o t h e r  m e t h o d s  ( i n v e r t e d  t a p e r ,  3 D  
t a p e r ,  p r i s m  c o u p l e r ) .  I t  h a s  b e e n  d i s c o v e r e d ,  h o w e v e r ,  t h a t  t h e  D G A D C  h a s  a  p o t e n t i a l  o f  
a c h i e v i n g  t h e  c o u p l i n g  e f f i c i e n c y  i n  e x c e s s  o f  8 0 % .  M o r e  a b o u t  t h a t  a n d  a b o u t  d e t a i l  
a n a l y s i s  o f  t h e  c o u p l i n g  e f f i c i e n c y  c a l c u l a t i o n  i s  g i v e n  i n  s e c t i o n s  7 . 4  a n d  7 . 5 ,  
r e s p e c t i v e l y .
C h a r a c t e r i s t i c  r e s u l t s  o b t a i n e d  f r o m  ‘ d o u b l e ’ D G A D C  d e v i c e s  a r e  s h o w n  i n  F i g u r e  7 . 8  -  
F i g u r e  7 . 1 6 .  T h e s e  g r a p h s  a r e  o b t a i n e d  b y  n o r m a l i s a t i o n  o f  t h e  o u t p u t  t o  t h e  p e a k  p o w e r .
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Figure 7 . 7 .  Output from a 'double ’ DGADC device captured by 63 x  objective lens
and IR camera
wavelength (nm)
Figure 7.8. Characteristic example o f  ‘double ’ DGADC measurement
F i g u r e  7 . 8  g i v e s  a  t y p i c a l  m e a s u r e m e n t  r e s u l t .  I t  c a n  b e  s e e n  t h a t  t h e  r e s o n a n t  p e a k  i s  w e l l  
d e f i n e d  w i t h  t y p i c a l  s i d e  l o b e  s u p p r e s s i o n  o f  9 - 1 5 d B .  F o r  d i f f e r e n t  g r a t i n g  p e r i o d s ,  t h e  
r e s o n a n t  p e a k  c a n  b e  s h i f t e d  t o w a r d s  l o n g e r  o r  s h o r t e r  w a v e l e n g t h s .  I n  F i g u r e  7 . 9 ,  o n e  
e x a m p l e  o f  s h i f t i n g  t o w a r d s  l o n g e r  w a v e l e n g t h s  i s  g i v e n .  T h e  r e s o n a n t  p e a k  i s  p o s i t i o n e d  
a t  ~ 1 5 6 0 n m .
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gure 7.9. Example o f  ‘double ’ DGADC measurement. For different grating periods,
there is a resonant peak shift
wavelength (nm)
Figure 7.10. Resonant peak can be shifted towards even longer wavelengths
206
7 Results and Discussion
■*3
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o
wavelenght (nm)
Figure 7.11. Resonant peak at 1600nm
F o r  l a r g e r  g r a t i n g  p e r i o d s ,  t h e  p e a k  c a n  b e  s h i f t e d  e v e n  f u r t h e r .  T w o  s u c h  e x a m p l e s  a r e  
s h o w n  i n  F i g u r e  7 . 1 0  a n d  F i g u r e  7 . 1 1 ,  w h e r e  t h e  r e s o n a n c e  o c c u r s  a t  1 5 8 5 n m  a n d  
1 6 0 0 m n ,  r e s p e c t i v e l y .
0 . 8
3  0 . 6
i i+->
3
a -
o 0.4
0 . 2
1520 1540 1560 1580 1600
wavelength (nm)
1620 1640
Figure 7.12. Example o f ’noisier’ resonant peak
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T h e r e  w e r e  a l s o  r e s u l t s  w h i c h  d i d  n o t  h a v e  s m o o t h  r e s o n a n t  p e a k s ,  a s  t h o s e  s h o w n  i n  
F i g u r e  7 . 1 2  a n d  F i g u r e  7 . 1 3 .  I t  c a n  b e  s e e n  t h a t  w i d t h s  o f  t h e s e  r e s o n a n t  p e a k s  a r e  s m a l l e r  
t h e n  t h o s e  i n  F i g u r e  7 . 8  -  F i g u r e  7 . 1 1 .
wavelength (nm)
Figure 7.13. Side lobes are small again, but the resonant peak seems to be split
wavelength (nm)
Figure 7.14. Peak positioned in the ~1533nm wavelength region shows larger splitting
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1520 1540 1560 1580 1600 1620 1640
wavelength (nm)
Figure 7.15. Side lobes can be clearly discerned, while the resonant peak has several side peaks. 
Envelope o f these side peaks would give expected resonant peak width
1
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Figure 7.16. Main peak is 1.3nm wide
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I n  F i g u r e  7 . 1 4  a n d  F i g u r e  7 . 1 5 ,  r e s o n a n t  p e a k s  a r e  p o s i t i o n e d  a t  d i f f e r e n t  w a v e l e n g t h s .  
T h e  f i r s t  w a s  o b t a i n e d  b y  r e d u c i n g  t h e  g r a t i n g  p e r i o d s ,  t h e  s e c o n d  b y  i n c r e a s i n g  t h e m .  
T h e  r e s o n a n t  p e a k s  a r e  a g a i n  p r o n o u n c e d ,  a n d  s i d e  l o b e s  a r e  s m a l l .  H o w e v e r ,  i t  s e e m s  
t h a t  t h e  p e a k s  a r e  s p l i t ,  r e s u l t i n g  i n  n a r r o w  w i d t h  o f  t h e  m a i n  p e a k ,  w h i c h  c o u l d  b e  a s  
s m a l l  a s  1 . 3 m n  ( F i g u r e  7 . 1 6 ) .  I f  w e  c o n s i d e r  a n  e n v e l o p e  o f  t h e s e  s i d e  p e a k s  a s  t h e  p e a k  
s h a p e ,  t h e n  t h e  w i d t h  w o u l d  b e  a s  e x p e c t e d .  S e c t i o n  7 . 6  g i v e s  m o r e  d e t a i l s  a b o u t  t h i s  a n d  
a  p o s s i b l e  e x p l a n a t i o n  o f  t h i s  i s s u e .
‘ S i n g l e ’ D G A D C  m e a s u r e m e n t s  ( F i g u r e  7 . 1 7 - F i g u r e  7 . 1 9 )  a r e  ‘ n o i s i e r ’ t h a n  ‘ d o u b l e ’ 
m e a s u r e m e n t s .  T h e  m a i n  r e a s o n  i s  t h e  l a r g e r  F r e s n e l  r e f l e c t i o n  a t  t h e  s i l i c o n  o u t p u t  
w a v e g u i d e .  T h e s e  m e a s u r e m e n t s  a r e ,  h o w e v e r ,  m o r e  c o n v e n i e n t  f o r  c o m p a r i s o n  b e t w e e n  
t h e  c o u p l i n g  v i a  t h e  D G A D C  a n d  t h e  d i r e c t  c o u p l i n g  t o  a  2 3 0 n m  t h i c k  s i l i c o n  w a v e g u i d e ,  
b e c a u s e  t h e  o u t p u t s  f r o m  b o t h  c o n f i g u r a t i o n s  a r e  t h e  s a m e .  T h e r e f o r e ,  t h e r e  i s  n o  n e e d  t o  
t a k e  F r e s n e l  r e f l e c t i o n  a n d  b e a m  d i v e r g e n c e  i n t o  a c c o u n t  f o r  t h i s  c o m p a r i s o n .  T h e  
r e s o n a n t  p e a k  s h i f t  w a s  a l s o  o b s e r v e d  f o r  ‘ s i n g l e ’ D G A D C  d e v i c e s  w h i c h  i s  d e m o n s t r a t e d  
i n  F i g u r e  7 . 1 7  a n d  F i g u r e  7 . 1 8 .
w avelength (nm)
Figure 7.17. Example o f  ‘s in g le ’ D G A D C  measurement, which is'noisier' then a ‘dou b le’ 
D G A D C  measurement. Resonant p ea k  is a t 1541.5nm
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1520 1540 1560 1580 1600 1620 1640
wavelength (nm)
Figure 7.18. For larger grating periods resonant peak  shifts to longer wavelengths
w avelength  (nm)
Figure 7.19. Coupling o f TM polarisation is negligible
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F i g u r e  7 . 1 9  s h o w s  t h a t  t h e  D G A D C  i s  h i g h l y  p o l a r i s a t i o n  s e n s i t i v e ,  a s  e x p e c t e d  f r o m  a  
g r a t i n g  b a s e d  c o u p l e r .  A s  i t  w a s  o p t i m i s e d  f o r  T E  c o u p l i n g ,  T M  p o l a r i s a t i o n  c o u p l i n g  w a s  
n e g l i g i b l e .  T h i s  w a s  c o n f i r m e d  o n  a  n u m b e r  o f  ‘ s i n g l e ’ a n d  ‘ d o u b l e ’ D G A D C  
m e a s u r e m e n t s .  T w o  ‘ d o u b l e ’ D G A D C  e x a m p l e s  a r e  g i v e n  i n  F i g u r e  7 . 2 0  a n d  F i g u r e  7 . 2 1 .
w a v e le n g th  (nm )
Figure 7.20. Example o f  negligible TM coupling in ‘double ’ DG AD C
w a v e le n g th  (nm )
Figure 7.21. For all free space measurements there was no coupling ofTM polarised light
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T h i s  h i g h  p o l a r i s a t i o n  d i s c r i m i n a t i o n  w a s  e x p e c t e d  ( s e e  c h a p t e r  5 )  a n d  c a n  b e  u s e d  f o r  
r e a l i s a t i o n  o f  a  p o l a r i s a t i o n  i n d e p e n d e n t  d e v i c e  ( F i g u r e  7 . 2 2 ) ,  w h i c h  c a n  b e  a c h i e v e d  b y  a  
d o u b l e  g r a t i n g  i n  e a c h  s e c t i o n .  T h e  f i r s t  g r a t i n g  i n  e a c h  s e c t i o n  c o u l d  b e  o p t i m i z e d  f o r  T E  
a n d  t h e  s e c o n d  f o r  T M .  P e r i o d s  f o r  t h e  t w o  p o l a r i s a t i o n s  a r e  q u i t e  d i f f e r e n t  e n a b l i n g  t h a t  
e a c h  g r a t i n g  a i d s  p o w e r  t r a n s f e r  o f  o n l y  o n e  p o l a r i s a t i o n .  T h i s  s o l u t i o n  w o u l d  o b v i o u s l y  
h a v e  l a r g e r  c o u p l i n g  l e n g t h  a n d  r e d u c t i o n  o f  p r o p a g a t i o n  l o s s  b y  a n n e a l i n g  i s  e s s e n t i a l .
Figure 7.22. P ossible solution fo r  a polarisation independent coupler
7.4 SEM analysis of the DGADC
T h e  s u r f a c e  r o u g h n e s s  c h e c k  d u r i n g  p o l i s h i n g  r e v e a l e d  t h a t  t h e  t o p  S i O N  w a v e g u i d e  
t h i c k n e s s  w a s  l e s s  t h a n  4 p m ,  i n s t e a d  o f  b e i n g  5 p m ,  s i m p l y  b y  c o m p a r i n g  i t s  t h i c k n e s s  
w i t h  t h e  B O X  l a y e r  w h i c h  i s  3 p m  t h i c k  a c c o r d i n g  t o  t h e  S O I T E C  s p e c i f i c a t i o n .  A f t e r  t h e  
m e a s u r e m e n t s  h a d  b e e n  c o m p l e t e d ,  s e v e r a l  s a m p l e s  f r o m  d i f f e r e n t  w a f e r  a r e a s  w e r e  
e x a m i n e d  u n d e r  a  S c a n n i n g  E l e c t r o n  M i c r o s c o p e  ( S E M )  t o  c h e c k  t h e  t h i c k n e s s .  A l l  
m e a s u r e m e n t s  p e r f o r m e d  o n  t h e  S E M  c o n f i r m e d  t h e  i n i t i a l  o b s e r v a t i o n .  A  t y p i c a l  S E M  
m i c r o g r a p h  o f  t h e  c o u p l e r  i n p u t  c r o s s  s e c t i o n  i s  s h o w n  i n  F i g u r e  7 . 2 3 ,  w h e r e  t h e  t o p  t w o  
S i O N  l a y e r s  a r e  3 . 7 3 p m  t h i c k ,  i n  t o t a l .  H e n c e ,  t h e  t o p  S i O N  w a v e g u i d e  i s  j u s t  ~ 3 . 6 p m  
t h i c k .
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Figure 7.23. A typical SEM micrograph o f  the DGADC input cross section
E . 0  k V  X 7 . 9 9 K  3 . 7 5 p m
Figure 7.24. Fabricated devices were m isprocessed which resulted in an incorrect SiON  
thickness. The maximum thickness o f  the top SiON layer was in the range 3.7-3.8pm. There is an 
uncertainty in determining the exact top SiO N  thickness, but it was clear that the sum o f  two top
SiO N  layer thicknesses d id not exceed 4pm
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F i g u r e  7 . 2 4  s h o w s  o n e  o f  t h e  b e s t  m e a s u r e m e n t s  o b t a i n e d ,  i n  t e r m s  o f  t h e  S i O N  t h i c k n e s s .  
I t  w a s  o b v i o u s  t h a t  t h e  m a x i m u m  S i O N  w a v e g u i d e  t h i c k n e s s  w a s  i n  t h e  3 . 7 - 3 . 8 p m  r a n g e ,  
w h i l e  t h e  m i n i m u m  w a s  ~ 3 . 3 p m  ( F i g u r e  7 . 2 7 ) .  T o  a v o i d  c h a r g i n g  p r o b l e m s  d u r i n g  S E M  
a n a l y s i s  c a u s e d  b y  t h e  o x i d e  a n d  s i l i c o n  o x y n i t r i d e ,  t h e s e  s a m p l e s  w e r e  a l s o  g o l d  c o a t e d .  
A n o t h e r  e x a m p l e  i s  s h o w n  i n  F i g u r e  7 . 2 5 .  I t  i s  o b v i o u s  t h a t  t h e  t o p  S i O N  l a y e r  w a s  o v e r  
e t c h e d  b e c a u s e  t h e  t o t a l  t h i c k n e s s  o f  a l l  t h e  l a y e r s  ( t o p  t w o  S i O N ,  S i s N 4 , a n d  s e c o n d  g a p  
S i O N  l a y e r )  i s  4 . 4 1 p m  i n s t e a d  o f  b e i n g  6 . 0 8 p m .
T h e  r o u n d i n g  o f  t h e  S i O N  w a v e g u i d e  a n d  c o r r u g a t i o n s  w h i c h  w e r e  v i s i b l e  o n  t h e  t o p  
( F i g u r e  7 . 2 6  a n d  F i g u r e  7 . 2 7 )  s u g g e s t  t h a t  t h e  p h o t o r e s i s t  w a s  c o m p l e t e l y  e t c h e d  a w a y  
b e f o r e  t h e  e n d  o f  t h e  d e e p  e t c h .  H e n c e ,  t h e  t o p  S i O N  w a s  o v e r  e t c h e d .  I t  i s  n o t  c l e a r  w h y  
t h i s  h a p p e n e d ,  e s p e c i a l l y  k n o w i n g  t h a t  t h e  t e s t  r u n s  g a v e  g o o d  r e s u l t s  ( f i g u r e s  6 . 1 4  a n d  
6 . 1 5  i n  t h e  p r e v i o u s  c h a p t e r ) .  I t  i s  p o s s i b l e  t h a t  t h e r e  w a s  a n  e q u i p m e n t  f a i l u r e  r e s u l t i n g  i n  
a  h i g h e r  e t c h  r a t e  c o m b i n e d  w i t h  a  l a c k  o f  e t c h  m o n i t o r i n g  d u r i n g  t h e  e t c h i n g .
Figure 7.25. SEM micrograph o f  a D G AD C coated with gold. The layers cannot be discerned. 
All layers are 4.41pm  thick in total, instead o f  being 6.08pm.
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T h i s  d e c r e a s e  s e r i o u s l y  a f f e c t s  m a x i m u m  a c h i e v a b l e  c o u p l i n g  e f f i c i e n c y  o f  t h e  d e v i c e s ,  
r e d u c i n g  t h e  t h e o r e t i c a l  m a x i m u m  c o u p l i n g  e f f i c i e n c y  f r o m  m o r e  t h a n  9 0 %  t o  o n l y  6 0 % .  
T h i s  d o e s  n o t  c h a n g e  t h e  d e m o n s t r a t i o n  o f  t h e  c o u p l e r  i n  p r i n c i p l e ,  b u t  i t  m e a n s  t h a t  f o r  
t h e  d e v i c e s  t h a t  w e r e  f a b r i c a t e d ,  t h e  m a x i m u m  t h e o r e t i c a l  c o u p l i n g  e f f i c i e n c y  i s  
s i g n i f i c a n t l y  r e d u c e d  a n d  h e n c e  t h e  m e a s u r e d  c o u p l i n g  e f f i c i e n c y  i s  e x p e c t e d  t o  b e  
r e d u c e d  a c c o r d i n g l y .  T h e  r e d u c e d  t h i c k n e s s  a l s o  s i g n i f i c a n t l y  i n c r e a s e s  t h e  c o u p l i n g  l o s s  
w h e n  c o u p l i n g  f r o m  a n  o p t i c a l  f i b r e .
Figure 7.26. Rounded edges o f  the thick SiO N  waveguide and corrugations on the top are 
evidences that photoresist was etched away before the etching was over. The corrugations can 
result in excessive scattering loss. The width o f  the top SiON waveguide was also reduced.
I t  c a n  b e  s e e n  f r o m  F i g u r e  7 . 2 3  a n d  F i g u r e  7 . 2 4  t h a t  t h e  s i l i c o n  n i t r i d e  a n d  t h e  s e c o n d  g a p  
S i O N  l a y e r s  h a v e  t h i c k n e s s e s  s i m i l a r  t o  t h o s e  d e s i g n e d .  T h i s  w a s  c o n f i r m e d  b y  c l o s e - u p  
S E M  m i c r o g r a p h s ,  t w o  o f  w h i c h  a r e  s h o w n  i n  F i g u r e  7 . 2 8  a n d  F i g u r e  7 . 2 9 ,  a l b e i t  r a t h e r  
d i f f i c u l t  t o  d i s c e r n  i n  p r i n t .  D i r e c t  o b s e r v a t i o n  o n  a  c o m p u t e r  s c r e e n  i s  m u c h  c l e a r e r .
S i l i c o n  w a v e g u i d e s  w e r e  a l s o  e x a m i n e d  u n d e r  t h e  S E M  ( F i g u r e  7 . 3 0 ) ,  a n d  t h e i r  
t h i c k n e s s e s  w e r e  w i t h i n  t h e  e x p e c t e d  r a n g e  o f  2 2 0 - 2 3 0 n m .
216
7 Results and Discussion
Figure 7.27. In some cases the SiON waveguide was as thin as ~3.3jum
0 .5 1 p m
0. 48 pm
Figure 7.28. Thickness o f the nitride layer is within acceptable range
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5 . 0  k V  X G 0  .  i  K *  ’ 4  9 9 r i  m
Figure 7.29. C lose up SEM micrograph o fS i3N4 layer
1 0 . 0 k V  X 9 . 0 0 K  3 . 3 3 p m
Figure 7.30. Silicon waveguide is 10pm wide and 220nm thick. On either side o f  the waveguide is
silicon oxynitride, levelled with silicon
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7.5 Coupling efficiency
C o u p l i n g  e f f i c i e n c y  c a n  b e  d e f i n e d  i n  s e v e r a l  d i f f e r e n t  w a y s  a n d  t h i s  s e c t i o n  r e v i e w s  
t h o s e .  T h e  f i r s t  m e t h o d  c a n  b e  n o r m a l i s a t i o n  t o  a  s t r a i g h t  S i O N  w a v e g u i d e  f a b r i c a t e d  o n  
t h e  s a m e  c h i p .  T h a t  w o u l d  r e m o v e  t h e  c o u p l i n g  l o s s  a n d  p r o p a g a t i o n  l o s s  f r o m  t h e  
c a l c u l a t i o n  o f  t h e  e f f i c i e n c y .  C o n s i d e r  t h e  d o u b l e  D G A D C  c o n f i g u r a t i o n  i n  F i g u r e  7 . 6 .  A s  
t h e  S i  w a v e g u i d e  r e g i o n  w i t h o u t  S i O N  a n d  S i 3 N 4  w a v e g u i d e s  i s  j u s t  4 0 0 p m  l o n g ,  a n d  
l i g h t  p r o p a g a t e s  m a i n l y  i n  t h e  S i O N  w a v e g u i d e  ( 2 m m  n o - g r a t i n g  r e g i o n  a t  b o t h  e n d s ,  f i r s t  
g r a t i n g  r e g i o n  m u c h  l o n g e r  t h a n  t h e  s e c o n d ) ,  t h e  e r r o r  b y  n o r m a l i s i n g  t h e  o u t p u t  o f  t h e  
‘ d o u b l e ’ D G A D C  ( F i g u r e  7 . 6 )  t o  a  s t r a i g h t  w a v e g u i d e  w i l l  b e  q u i t e  s m a l l ,  a n d  i n  a d d i t i o n  
t h e r e  i s  n o  n e e d  t o  a c c u r a t e l y  k n o w  t h e  p r o p a g a t i o n  l o s s  i n  S i O N  a n d  S i 3 N 4 .
T h e  e f f i c i e n c y  i n  t h i s  c a s e  c a n  b e  c a l c u l a t e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n :
w h e r e  P odc i s  t h e  p o w e r  m e a s u r e d  a t  t h e  o u t p u t  o f  t h e  ‘ d o u b l e ’ D G A D C ,  a n d  P osw i s  t h e  
p o w e r  m e a s u r e d  a t  t h e  o u t p u t  o f  a  s t r a i g h t  S i O N  w a v e g u i d e  o n  t h e  s a m e  c h i p .  T h e s e  t w o  
p o w e r s  a r e  g i v e n  b y  t h e  f o l l o w i n g  e x p r e s s i o n s :
50 -
o
 TE
 TM
30 -
o>c
a
§  2 0 -  
o
1 0  -
0
1570 
wavelength (nm)
1510 1530 1550 1590 1610 1630
Figure 7.31. Device with highest coupling efficiency
( 7 . 1 )
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L L- a — —
Po d c = Pinx C x e  2 x r j x r j x e  2 x F  ( 7  2 )
Fosw =  Pinx C x e ~a L x F
w h e r e  P in i s  i n p u t  p o w e r ,  C  a c c o u n t s  f o r  t h e  c o u p l i n g  l o s s  f r o m  o p t i c a l  f i b r e  o r  o b j e c t i v e  
l e n s ,  a  i s  t h e  p r o p a g a t i o n  l o s s  c o e f f i c i e n t  o f  t h e  S i O N  w a v e g u i d e ,  rj i s  t h e  c o u p l i n g  
e f f i c i e n c y  o f  t h e  D G A D C ,  L  i s  t h e  l e n g t h  o f  t h e  s t r a i g h t  w a v e g u i d e  ( t h a t  i s  a l s o  t h e  t o t a l  
l e n g t h  o f  t h e  D G A D C ) ,  a n d  F  t a k e s  i n t o  a c c o u n t  m o d a l  r e f l e c t i o n  a t  t h e  a i r - w a v e g u i d e  
i n t e r f a c e .
B y  u s i n g  ( 7 . 1 ) ,  m a x i m u m  e f f i c i e n c y  o f  5 5 %  i s  o b t a i n e d  ( F i g u r e  7 . 3 1 ) .  O t h e r  h i g h  
e f f i c i e n c y  m e a s u r e m e n t s  w i t h  d i f f e r e n t  p e a k  w a v e l e n g t h s  a r e  s h o w n  i n  F i g u r e  7 . 3 2  -  
F i g u r e  7 . 3 4 .
w av e len g th  (nm )
Figure 7.32. Another high efficiency coupling with the peak at 1547nm
I f  t h e  c o u p l i n g  e f f i c i e n c y  t r a n s l a t e s  p r o - r a t a  t o  t h e  o r i g i n a l  d e s i g n ,  i t  c a n  b e  e x p e c t e d  t o  
a c h i e v e  a  c o u p l i n g  e f f i c i e n c y  o f  8 5 %  f o r  c o r r e c t l y  f a b r i c a t e d  d e v i c e ,  o r  i f  w e  a l l o w  f o r  t h e  
f a c t  t h a t  t h e  l i g h t  d o e s  n o t  p r o p a g a t e  i n  t h e  S i O N  w a v e g u i d e  f o r  t h e  f u l l  l e n g t h  o f  t h e  
c h i p ,  a n  e f f i c i e n c y  o f  ~ 8 0 %  ( < l d B  l o s s )  p e r  i n t e r f a c e  c a n  s t i l l  b e  e x p e c t e d .
T o  b e  m o r e  a c c u r a t e ,  t h e  n o r m a l i s a t i o n  c a n  b e  c a r r i e d  o u t  f o r  t h e  s t r a i g h t  w a v e g u i d e  w i t h  
l e n g t h  r e d u c e d  b y  t h e  l e n g t h  o f  t h e  m i d d l e  s e c t i o n  w h e r e  t h e r e  i s  n o  S i O N  a n d  S i 3 N 4 
( F i g u r e  7 . 6 ) .  T o  d o  t h a t ,  t h e  p r o p a g a t i o n  l o s s  o f  S i O N  w a v e g u i d e  m u s t  b e  k n o w n .
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w av e len g th  (nm)
Figure 7.33. High coupling efficiency device with the peak  at 1533.6nm
w av elen g th  (nm )
Figure 7.34. By changing the grating periods peak  can be m oved to 1585.5nm
T h e  p r o p a g a t i o n  l o s s  o f  S i O N  w a s  d e t e r m i n e d  b y  t h e  c u t - b a c k  m e t h o d  [ 7 . 1 ]  a n d  a  v a l u e  
o f  1 1 . 1  ±  0 . 5  d B / c m  w a s  o b t a i n e d  a t  t h e  w a v e l e n g t h  o f  1 5 4 1 . 5 n m ,  w h e r e  t h e  m a x i m u m  
c o u p l i n g  e f f i c i e n c y  w a s  m e a s u r e d .  A  s i g n i f i c a n t  m e a s u r e m e n t  u n c e r t a i n t y  i n  t h e  r e s u l t  
c o u l d  b e  e x p e c t e d  f o r  a n  i n h e r e n t l y  n o i s y  m e a s u r e m e n t  s u c h  a s  t h e  c u t - b a c k  m e t h o d  [ 7 . 1 ] .  
T h e  l o s s  w a s  a l s o  d e t e r m i n e d  f o r  o t h e r  w a v e l e n g t h s  ( T a b l e  7 . 2 ) .  W i t h  t h i s  c o r r e c t i o n  i n  
t h e  c a l c u l a t i o n  o f  t h e  c o u p l i n g  e f f i c i e n c y ,  t h e  m a x i m u m  e f f i c i e n c y  d r o p s  t o  5 2 . 3 % ,  s t i l l  a
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v e r y  h i g h  v a l u e .  O t h e r  c o u p l i n g  e f f i c i e n c i e s  s h o w n  i n  F i g u r e  7 . 3 2  -  F i g u r e  7 . 3 4  a r e  
4 0 . 6 % ,  4 5 . 3 %  a n d  3 1 . 3 % ,  r e s p e c t i v e l y .  A s  e x p e c t e d ,  t h e  d i f f e r e n c e  b e t w e e n  t h e s e  v a l u e s  
a n d  t h o s e  c a l c u l a t e d  b y  n o r m a l i s a t i o n  t o  t h e  w h o l e  l e n g t h  S i O N  w a v e g u i d e  i s  q u i t e  s m a l l .
Table 7.2. SiON propagation loss
W a v e l e n g t h P r o p a g a t i o n  l o s s
1 5 3 3  n m 1 3 . 6  ± 0 . 5  d B / c m
1 5 4 1 . 5  n m 1 1 . 1  ± 0 . 5  d B / c m
1 5 5 0  n m 9 . 5  ±  0 . 6  d B / c m
1 5 5 5  n m 9 . 1  ±  0 . 6  d B / c m
1 5 6 0  n m 9 . 3  ±  0 . 7  d B / c m
1 5 7 0  n m 8 . 7  ±  0 . 5  d B / c m
1 5 8 5  n m 8 . 4  ±  0 . 7  d B / c m
1 5 9 0  n m 8 . 3  ±  0 . 8  d B / c m
1 6 0 0  n m 8 . 7  ±  0 . 5  d B / c m
P r o p a g a t i o n  l o s s  o f  S i 3N 4  w a s  a l s o  d e t e r m i n e d  b y  t h e  c u t - b a c k  m e t h o d .  F o r  s h o r t e r  
w a v e l e n g t h s ,  S i 3N 4  p r o p a g a t i o n  l o s s  i s  h i g h e r  t h a n  t h e  l o s s  i n  S i O N ,  a n d  f o r  l o n g e r  
w a v e l e n g t h s  ( Z > 1 5 7 0 n m )  s i m i l a r  t o  t h a t  o f  S i O N .  F o r  e x a m p l e ,  a t  t h e  w a v e l e n g t h  o f  
1 5 4 1 . 5 n m ,  w h e r e  t h e  m a x i m u m  e f f i c i e n c y  o f  5 5 %  w a s  m e a s u r e d ,  t h e  S i 3N 4  l o s s  i s  1 5 . 4  ±  
0 . 7  d B / c m ,  w h i l e  a t  t h e  w a v e l e n g t h  o f  1 5 7 0 n m ,  t h e  p r o p a g a t i o n  l o s s  i s  8 . 7  ±  0 . 5  d B / c m .
A s  t h e  l i g h t  t r a n s f e r  f r o m  S i O N  t o  S i 3N 4  i s  a  g r a d u a l  p r o c e s s ,  p r o p a g a t i o n  o f  l i g h t  t h r o u g h  
S i 3N 4  w a v e g u i d e  c a u s e s  a  h i g h e r  t o t a l  p r o p a g a t i o n  l o s s  i n  D G A D C  t h a n  i n  t h e  s t r a i g h t  
w a v e g u i d e ,  f o r  s h o r t e r  w a v e l e n g t h s .  T h a t  m e a n s  t h a t  t h e  t o t a l  p r o p a g a t i o n  l o s s  i n  t h e  
D G A D C  i s  v e i y  s i m i l a r  t o  t h e  p r o p a g a t i o n  l o s s  o f  t h e  s t r a i g h t  w a v e g u i d e .  H e n c e ,  f o r  
s h o r t e r  w a v e l e n g t h s ,  t h e  n o r m a l i s a t i o n  t o  t h e  s t r a i g h t  w a v e g u i d e  w i t h  l e n g t h  r e d u c e d  b y  
t h e  l e n g t h  o f  t h e  m i d d l e  s e c t i o n  w h e r e  t h e r e  i s  n o  S i O N  a n d  S i 3N 4  d o e s  n o t  n e e d  t o  b e  
c a r r i e d  o u t ,  a n d  t h e  f i r s t  m e t h o d  f o r  d e t e r m i n i n g  o f  t h e  c o u p l i n g  e f f i c i e n c y  ( n o r m a l i s a t i o n  
t o  t h e  f u l l  l e n g t h  s t r a i g h t  w a v e g u i d e )  c a n  b e  u s e d .
F i g u r e  7 . 3 5  s h o w s  a n o t h e r  w a y  f o r  c a l c u l a t i o n  o f  t h e  c o u p l i n g  e f f i c i e n c y .  P o w e r  i n  C  i s  
t h e  m e a s u r e d  p o w e r  a t  t h e  o u t p u t  o f  a  ‘d o u b l e ’ D G A D C .  K n o w i n g  t h e  p r o p a g a t i o n  l o s s
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a n d  r e f l e c t i v i t y  a t  t h e  o u t p u t  f a c e t ,  p o w e r  a t  p o i n t  E  c a n  b e  c a l c u l a t e d .  £  i s  a  p o i n t  j u s t  
a f t e r  t h e  g r a t i n g  p a t t e r n e d  o n  S i 3 N 4 . S i m i l a r l y ,  p o w e r  a t  D  ( t h e  p o i n t  b e f o r e  t h e  i n p u t  
g r a t i n g  i n  S i 3 N 4 )  c a n  b e  c a l c u l a t e d  u s i n g  v a l u e s  f r o m  t h e  s t r a i g h t  w a v e g u i d e  
m e a s u r e m e n t s .  A s  t h e r e  a r e  t w o  D G A D C s  i n  t h e  ‘ d o u b l e ’ D G A D C ,  c o u p l i n g  e f f i c i e n c y  
c a n  b e  d e t e r m i n e d  a s
h i  t h i s  v a l u e ,  t h e  p r o p a g a t i o n  l o s s e s  o f  S i O N ,  S i 3 N 4  a n d  S i  a r e  i n c l u d e d  a l l  o f  w h i c h  a r e  
n o t  o p t i m i s e d  i n  o u r  e x p e r i m e n t s  a n d  a r e  n o t  a  r e s u l t  o f  t h e  c o u p l i n g  p r o c e s s .  M a x i m u m  
e f f i c i e n c y  d e r i v e d  f r o m  F i g u r e  7 . 3 1  i s  n o w  3 2 . 6 % .  T h i s  i s  s t i l l  r e s p e c t a b l e  f i g u r e  f o r  
c o u p l i n g  t o  a  2 3 0 n m  t h i c k  S i  w a v e g u i d e .  A n n e a l i n g  w i l l  s i g n i f i c a n t l y  r e d u c e  t h e  
p r o p a g a t i o n  l o s s  o f  S i O N  a n d  S i 3 N 4  [ 7 . 3 ] .  h i  t h a t  c a s e  t h e  c o u p l i n g  e f f i c i e n c y  w o u l d  
a p p r o a c h  t h e  m a x i m u m  v a l u e  c a l c u l a t e d  b y  n o r m a l i s a t i o n  t o  t h e  s t r a i g h t  w a v e g u i d e .  T h e  
o t h e r  c o u p l i n g  e f f i c i e n c i e s  f r o m  F i g u r e  7 . 3 2  -  F i g u r e  7 . 3 4  a r e  2 7 . 7 % ,  2 5 . 8 % ,  a n d  2 2 . 1 % ,  
r e s p e c t i v e l y .  H a d  t h e  p r o p a g a t i o n  l o s s  b e e n  k n o w n  b e f o r e  t h e  c o m p l e t i o n  o f  t h e  d e s i g n  
s t a g e ,  t h e s e  v a l u e s  c o u l d  b e  d i f f e r e n t .  N a m e l y ,  w i t h  t h e  i n c r e a s e  o f  g r a t i n g  h e i g h t ,  t h e  
c o u p l i n g  l e n g t h  d e c r e a s e s  a n d  s o  t h e  p r o p a g a t i o n  l o s s .  T h e r e f o r e ,  t h e  b a d e  o f f  b e t w e e n  
t h e  d e c r e a s e  i n  c o u p l i n g  e f f i c i e n c y  a n d  p r o p a g a t i o n  l o s s  f o r  d e e p e r  g r a t i n g s  c o u l d  h a v e  
b e e n  f o u n d .
Figure 7.35. Coupling efficiency can be calculated in several different ways. One could be to 
calculate optical powers in D and E, to consider them as the input and output powers, 
and then to find the square root o f  their ratio.
( 7 . 3 )
Si substrate
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F o r  ‘ s i n g l e ’ D G A D C  d e v i c e s  c o u p l i n g  e f f i c i e n c y  c a n  b e  c a l c u l a t e d  i n  s i m i l a r  w a y s .  I f  w e  
t a k e  o u t  t h e  p r o p a g a t i o n  l o s s  t h e n  c o u p l i n g  e f f i c i e n c y  c a n  b e  e v a l u a t e d  b y  t h e  f o l l o w i n g  
e x p r e s s i o n :
L
Po u t = Pi n x C x e  2 x t / x F x D  ( 7 . 4 )
w h e r e  P in i s  i n p u t  p o w e r ,  C  a c c o u n t s  f o r  t h e  c o u p l i n g  l o s s  f r o m  o p t i c a l  f i b r e  o r  o b j e c t i v e  
l e n s ,  a  i s  t h e  p r o p a g a t i o n  l o s s  c o e f f i c i e n t ,  a n d  rj i s  t h e  c o u p l i n g  e f f i c i e n c y  o f  t h e  D G A D C .  
C o e f f i c i e n t  F  t a k e s  i n t o  a c c o u n t  F r e s n e l  r e f l e c t i o n  a t  t h e  a i r - w a v e g u i d e  i n t e r f a c e ,  w h i l s t  D  
t a k e s  i n t o  a c c o u n t  d i v e r g e n c e  o f  t h e  b e a m  c o m i n g  f r o m  t h e  2 3 0 n m  S i  w a v e g u i d e .  T h e  
p r o d u c t  o f  t h e  f i r s t  t h r e e  t e r m s  c a n  b e  o b t a i n e d  f r o m  t h e  s t r a i g h t  w a v e g u i d e  
m e a s u r e m e n t s .  I t  w a s  a s s u m e d  t h a t  F r e s n e l  r e f l e c t i o n  a t  t h e  S i - a i r  b o u n d a r y  i s  3 1 % ,  a n d  
t h a t  7 1 %  o f  t h e  l i g h t  o u t c o m i n g  f r o m  t h e  S i  w a v e g u i d e  c o u l d  b e  c o l l e c t e d  b y  t h e  6 3  x  
o b j e c t i v e  l e n s .  T h i s  o b j e c t i v e  l e n s  w a s  u s e d  t o  c o l l e c t  a s  m u c h  l i g h t  a s  p o s s i b l e .  
B e a m P R O P  [ 7 . 4 ]  w a s  u s e d  t o  c a l c u l a t e  t h e  d i v e r g e n c e  o f  t h e  b e a m .  T h e  m a x i m u m  
e f f i c i e n c y  f o r  t h e  ‘ s i n g l e 5 D G A D C  w a s  5 0 . 9 % ,  w h i c h  i s  i n  a  g o o d  a g r e e m e n t  w i t h  t h e  
m e a s u r e m e n t  o f  5 5 % ,  f o r  a  ‘ d o u b l e ’ D G A D C  o f  t h e  s a m e  d e s i g n .  M e a s u r e m e n t s  w e r e  
r e p e a t e d  u s i n g  a  4 0 x  o b j e c t i v e  l e n s .  R a t i o  o f  t h e  p o w e r  c o l l e c t e d  w i t h  6 3 x  l e n s  a n d  t h a t  
c o l l e c t e d  b y  4 0 x  w a s  f o u n d  t o  b e  1 . 3 3 ,  s i m i l a r  t o  t h e  t h e o r e t i c a l  v a l u e  o f  1 . 2 8 .  T h i s  
s u g g e s t e d  t h a t  t h e  c a l c u l a t i o n  t o o k  t h e  c o r r e c t  b e a m  d i v e r g e n c e  i n t o  a c c o u n t .
A n o t h e r  m e t h o d  f o r  c a l c u l a t i n g  t h e  c o u p l i n g  e f f i c i e n c y  i s  i d e n t i c a l  t o  t h a t  a p p l i e d  i n  [ 7 . 5 ] .  
N a m e l y ,  a  c o m p a r i s o n  b e t w e e n  t h e  b u t t  c o u p l i n g  o f  a n  o p t i c a l  f i b r e  w i t h  t h e  0 . 2 3 p m  
s i l i c o n  w a v e g u i d e ,  a n d  c o u p l i n g  b e t w e e n  t h e  f i b r e  a n d  t h e  s i l i c o n  w a v e g u i d e  v i a  t h e  
D G A D C  c a n  b e  e a r n e d  o u t .  T h e  r a t i o  b e t w e e n  t h e  t r a n s m i t t i v i t y  w i t h  ( J  )  a n d  w i t h o u t  
( 7 1 )  t h e  c o u p l e r  i s  d e f i n e d  a s  t h e  c o u p l i n g  e f f i c i e n c y  e n h a n c e m e n t  © .  T h i s  i s  e q u a l  t o  t h e  
r a t i o  b e t w e e n  t h e  c o r r e s p o n d e n t  c o u p l i n g  e f f i c i e n c i e s ,  cc a n d  c w , r e s p e c t i v e l y .  T h e r e f o r e ,
=  T /T  -  e j e  . U s i n g  t h e  e x p e r i m e n t a l  v a l u e s ,  t h e  m a x i m u m  c o u p l i n g  e f f i c i e n c y  
e n h a n c e m e n t  w a s  f o u n d  t o  b e  4 . 7 ± 0 . 4 .  T h i s  i s  a n  e x t r e m e l y  g o o d  r e s u l t  t a l c i n g  i n t o  
a c c o u n t  t h a t  t h e  D G A D C  w a s  m i s p r o c e s s e d ,  t h e  f a c t  t h a t  t h e  s i l i c o n  w a v e g u i d e  w a s  1 0 p m  
w i d e  e n a b l i n g  m o r e  e f f i c i e n t  b u t t  c o u p l i n g  f r o m  t h e  f i b r e ,  a n d  c o m p a r i n g  i t  w i t h  t h e  r e s u l t  
o b t a i n e d  b y  A l m e i d a  a t  a l . ,  [ 7 . 5 ] ,  w h i c h  w a s  7 . 0 ± 0 . 4 .  E x t r a p o l a t i n g  t o  a  c o r r e c t l y  
d e s i g n e d  D G A D C  a s s u m i n g  a  p r o - r a t a  i n c r e a s e  i n  c o u p l i n g  e f f i c i e n c y ,  w e  c o u l d  e x p e c t  a n
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e n h a n c e m e n t  o f  £ = 7 . 8 .  F u r t h e r  i n c r e a s e  o f  t h e  e n h a n c e m e n t  c a n  b e  o b t a i n e d  a f t e r  
a n n e a l i n g  o f  t h e  S i O N  a n d  S i 3 N 4  l a y e r s .
I t  i s  w o r t h  n o t i n g  t h a t  c o u p l i n g  e f f i c i e n c y  w a s  h i g h e r  f o r  s a m p l e s  f r o m  t h e  w a f e r  c e n t r e  
t h a n  f o r  t h o s e  f r o m  t h e  e d g e .  A s  i n  t h e  c e n t r e  o f  t h e  w a f e r  t h e  t h i c k n e s s  o f  t h e  S i O N  
w a v e g u i d e  h a d  h i g h e r  v a l u e s  a n d  t h i c k n e s s  o f  t h e  S i 3 N 4  w a v e g u i d e  v a l u e s  c l o s e r  t o  t h e  
d e s i g n e d  o n e ,  t h i s  i s  a n  e x p e c t e d  r e s u l t .  F i g u r e  7 . 3 6  i s  a  h i s t o g r a m  t h a t  s h o w s  t h e  n u m b e r  
o f  d e v i c e s  a s  a  f u n c t i o n  o f  c o u p l i n g  e f f i c i e n c y  w i t h i n  t h e  f o l l o w i n g  r a n g e s :  0 - 1 0 % ,  1 0 -  
2 0 % ,  2 0 - 3 0 % ,  3 0 - 4 0 % ,  a n d  > 4 0 % .  T h e s e  r e s u l t s  r e p r e s e n t  m e a s u r e m e n t s  o f  D G A D C  
d e v i c e s  o n  6  s a m p l e s  f r o m  t h e  c e n t r a l  r e g i o n  o f  t h e  w a f e r .  T h e  t o t a l  n u m b e r  o f  d e v i c e s  
p r e s e n t e d  i s  a r o u n d  1 2 0 .  I t  c a n  b e  s e e n  t h a t  h a l f  o f  t h e  d e v i c e s  h a v e  c o u p l i n g  e f f i c i e n c i e s  
w i t h i n  t h e  2 0 - 3 0 %  r a n g e  ( w h i c h  w o u l d  c o r r e s p o n d  t o  « 3 0 - 5 0 %  i f  t h e  t h i c k n e s s  o f  t h e  t o p  
S i O N  w a v e g u i d e  w a s  5 p m ) .  H o w e v e r ,  f o r  b e t t e r  t h i c k n e s s  u n i f o r m i t y  o f  l a y e r s ,  a  h i g h e r  
p r o p o r t i o n  o f  h i g h  e f f i c i e n c y  d e v i c e s  i s  e x p e c t e d .
5 15 25 35 45 55
coupling efficiency (%)
Figure 7.36. Number o f  devices with coupling efficiency in the fo llow ing ranges: 
0-10%, 10-20%, 20-30%, 30-40%, >40%
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7.6 Spectral peak width and position
7 . 6 . 1  S p e c t r a l  p e a k  w i d t h
A c c o r d i n g  t o  c o n c l u s i o n s  f r o m  c h a p t e r  5 ,  l a r g e r  d u t y  c y c l e ,  o r  m a r k  t o  s p a c e  r a t i o ,  c a n  
c h a n g e  c o u p l i n g  e f f i c i e n c y  d e p e n d e n c e  o n  t h e  g r a t i n g  p e r i o d ,  r j ( A ) ,  s u c h  t h a t  s p e c t r a l  
b a n d w i d t h  b e c o m e s  b r o a d e r .  I t  w a s  n o t i c e d  t h a t  t h e  m a r k  t o  s p a c e  r a t i o  o f  t h e  g r a t i n g s  
v a r i e d  f r o m  0 . 4 0  t o  0 . 6 5  ( r e f e r  t o  f i g u r e s  6 . 1 7  -  6 . 1 9 )  a n d  c o u l d  n o t  b e  r e l i a b l y  c o n t r o l l e d  
b y  t h e  e q u i p m e n t  u s e d  d u r i n g  t h e  f a b r i c a t i o n  [ 7 . 6 ] .
F o r  p a r a m e t e r s  u s e d  i n  t h e  d e s i g n  o f  t h e  D G A D C  a n d  t h o s e  m e a s u r e d  a f t e r  t h e  
f a b r i c a t i o n ,  c a l c u l a t i o n s  s h o w e d  t h a t  t h e  F W H M  ( F u l l  W i d t h  H a l f  M a x i m u m )  o f  t h e  
m e a s u r e d  o u t p u t  p e a k s  a r e  e x p e c t e d  i n  t h e  r a n g e  o f  1 . 6 - 4 n m .  F o u r  e x a m p l e s  a r e  g i v e n  i n  
F i g u r e  7 . 3 7  -  F i g u r e  7 . 4 0 ,  w h e r e  F W H M  w a s  w i t h i n  t h e  r a n g e  2 . 5 - 4 . 7 5 m n .  H e n c e ,  v a l u e s  
w e r e  e i t h e r  w i t h i n  t h e  t h e o r e t i c a l  p r e d i c t i o n  o r  s l i g h t l y  l a r g e r ,  w h i c h  c o u l d  b e  r e s u l t  o f  
e v e n  l a r g e r  m a r k  t o  s p a c e  r a t i o  o f  t h e  g r a t i n g s  ( f o r  e x a m p l e  0 . 7 ) .
I t  i s  r e l a t i v e l y  e a s y  t o  c a l c u l a t e  F W H M  f o r  t h e  e x a m p l e s  g i v e n  i n  F i g u r e  7 . 3 7  -  F i g u r e  
7 . 4 0 .  I n  s o m e  c a s e s ,  h o w e v e r ,  t h e  r e s o n a n t  p e a k  s e e m s  t o  b e  s p l i t .  O n e  s u c h  e x a m p l e  i s  
g i v e n  i n  F i g u r e  7 . 4 1 ,  w h i c h  i s  a c t u a l l y  r e d r a w n  F i g u r e  7 . 1 5 .  I f  w e  c o n s i d e r  a n  e n v e l o p e  o f  
t h e  s i d e  p e a k s  a s  t h e  r e s o n a n t  p e a k  s h a p e ,  t h e n  t h e  w i d t h  w o u l d  b e  5 n m .  T h i s  i s  s i m i l a r  t o  
t h e  m e a s u r e m e n t s  s h o w n  p r e v i o u s l y .
wavelength (nm)
Figure 7.37. Resonant peak width for ‘double’ DGADC measurement
226
7 Results and Discussion
1520  1540  1560  1580  1600 1620  1640
w a v e len g th  (nm)
Figure 7.38. Narrower resonant peak
w av e len g th  (nm)
Figure 7.39. ‘Double ’ DGADC measurement with FWHM o f 4.5nm
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w av e len g th  (nm)
Figure 7.40. FWHM close to the maximum theoretical prediction
wavelength (nm)
Figure 7.41. Assuming a split in resonant peak, FWHM is 5nm
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T h e r e  w e r e  a l s o  l o t  o f  e x a m p l e s  w i t h  F W H M  =  l - 2 n m .  O n e  s u c h  e x a m p l e  w i t h  n a r r o w  
s p e c t r u m  i s  s h o w n  i n  F i g u r e  7 . 4 2  w h e r e  t h e  F W H M  i s  1 . 3 n m ,  w h i c h  i s  s l i g h t l y  l o w e r  t h a n  
t h e  m i n i m u m  t h e o r e t i c a l  v a l u e .  I n  a d d i t i o n ,  t h e  s i d e  l o b e  i s  m o r e  p r o n o u n c e d  t h a n  t h o s e  
i n  F i g u r e  7 . 3 7  -  F i g u r e  7 . 4 0 .  T h i s  c o u l d  b e  s i m p l y  s p l i t t i n g  o f  t h e  m a i n  p e a k ,  f o r  r e a s o n s  
t h a t  n e e d  f u r t h e r  i n v e s t i g a t i o n ,  i n  w h i c h  c a s e  t h e  F W H M  w o u l d  b e  3 n m  ( F i g u r e  7 . 4 2 ) .  
A l t e r n a t i v e l y  t h i s  c o u l d  b e  e x p l a i n e d  a s  f o l l o w s .  C o n s i d e r  F i g u r e  7 . 4 3 .  H e r e ,  t h e  s p e c t r a l  
c h a r a c t e r i s t i c s  o f  t h e  t w o  g r a t i n g s  ( e . g .  c o u p l i n g  e f f i c i e n c y )  i n  t h e  D G A D C  a r e  
r e p r e s e n t e d  b y  sine  f u n c t i o n s .  T h e  s p e c t r a l  w i d t h s  a r e  n o t  t h e  s a m e ,  w h i c h  i s  e x p e c t e d  f o r  
t w o  g r a t i n g s  w i t h  d i f f e r e n t  p e r i o d s ,  m a t e r i a l s  a n d  p o s s i b l y  d i f f e r e n t  d u t y  c y c l e s .  I f  t h e r e  i s  
a l s o  a  m i s m a t c h  b e t w e e n  t h e  t w o  p e a k  v a l u e s  ( t w o  p e a k s  a r e  p o s i t i o n e d  a t  d i f f e r e n t  
w a v e l e n g t h s )  t h e n  t h e  r e d  c u r v e ,  w h i c h  r e p r e s e n t s  t h e  p r o d u c t  o f  t h e  t w o  g r a t i n g  c u r v e s ,  
i n  o t h e r  w o r d s  t h e  t o t a l  e f f i c i e n c y ,  c o u l d  h a v e  a  s i d e  l o b e  t h a t  i s  m u c h  l a r g e r  t h a n  
e x p e c t e d .  M o r e o v e r ,  t h e  F W H M  o f  t h e  p r o d u c t  c a n  b e  n a r r o w e r  t h a n  e i t h e r  o f  t h e  t w o  
o r i g i n a l  F W H M s  ( F i g u r e  7 . 4 3 ) .  R e s u l t  f r o m  F i g u r e  7 . 4 2  w a s  o b t a i n e d  f o r  ‘ d o u b l e ’ 
D G A D C ,  w h i c h  m e a n s  t h a t  t h e r e  w e r e  f o u r  g r a t i n g s  i n  t o t a l .  T h e r e f o r e ,  t h e  e f f e c t  
d e p i c t e d  i n  F i g u r e  7 . 4 3  c a n  b e  c o m p o u n d e d ,  r e s u l t i n g  i n  e v e n  s m a l l e r  F W H M  a n d  l a r g e r  
s i d e  l o b e .  A l t h o u g h  t h e  c u r v e s  i n  F i g u r e  7 . 4 3  a r e  s o m e w h a t  a r b i t r a r y ,  t h e y  g i v e  a n  i d e a  o f  
w h a t  c o u l d  c a u s e  t h e  a n o m a l y  s h o w n  i n  F i g u r e  7 . 4 2 .
w avelength (nm)
Figure 7.42. Some side peaks were quite pronounced
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wavelength (nm)
Figure 7.43. I f  two grating has spectral dependences which are not centred at the same 
wavelength, spectral dependence o f  the DGADC can have a larger side lobe
7 . 6 . 2  S p e c t r a l  p e a k  p o s i t i o n
P e a k  p o s i t i o n  i s  d e t e r m i n e d  b y  t h e  p e r i o d s  o f  t h e  t w o  g r a t i n g s  ( A i ,  \ 2) i n  t h e  D G A D C ,  
a s s u m i n g  t h a t  o t h e r  p a r a m e t e r s  o f  t h e  c o u p l e r  a r e  c o n s t a n t  a c r o s s  t h e  w a f e r .  T h e r e f o r e ,  t h e  
p e r i o d s  w e r e  v a r i e d  a c r o s s  t h e  c h i p ,  t o  o b s e r v e  t h e  p e a k  s h i f t .  T h e  t e s t  d e p o s i t i o n s  
( c h a p t e r  6 )  d i d  s h o w  t h a t  t h e r e  w a s  a  v a r i a t i o n  o f  l a y e r  t h i c k n e s s e s  a n d  r e f r a c t i v e  i n d i c e s  
a n d  c o n s e q u e n t l y  a  v a r i a t i o n  i n  p e a k  p o s i t i o n  i s  e x p e c t e d  f o r  t h e  s a m e  d e v i c e s  f r o m  
d i f f e r e n t  s a m p l e s .
T h e  m o s t  s t r i k i n g  o b s e r v a t i o n  d u r i n g  t h e  m e a s u r e m e n t s  w a s  t h a t  t h e  p e r i o d  o f  t h e  f i r s t  
g r a t i n g  d i d  n o t  a p p e a r  t o  s i g n i f i c a n t l y  a f f e c t  t h e  p o s i t i o n  o f  t h e  o u t p u t  p e a k .  T h i s  w a s  a  
s u r p r i s i n g  r e s u l t  b e c a u s e  t h e  t h e o r y  p r e d i c t e d  t h a t  t h e  f i r s t  g r a t i n g  w o u l d  h a v e  n a r r o w e r  
F W H M  ( m a x i m u m  ~ 4 n m )  t h a n  t h e  s e c o n d  ( m a x i m u m  F W H M  ~ 1 0 n m ) .  A  t y p i c a l  
e x a m p l e  i s  g i v e n  i n  F i g u r e  7 . 4 4 ,  w h e r e  t h r e e  r e s u l t s  h a v e  t h e  p e a k  a t  t h e  s a m e  
w a v e l e n g t h ,  b u t  v e r y  d i f f e r e n t  a m p l i t u d e s .  T h i s  m e a n s  t h a t  t h e  f i r s t  g r a t i n g  h a s  a s  l a r g e  a  
F W H M  a s  1 1 - 1 2 n m .  I t  h a s  b e e n  s h o w n  t h a t  t h e  m a r k  t o  s p a c e  r a t i o  o f  t h e  g r a t i n g  h a s  a n  
i m p a c t  o n  t h e  F W H M ,  b u t  n o t  t o  s u c h  e x t e n t  t o  i n c r e a s e  i t  b y  a  f a c t o r  o f  ~ 3 .
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T h e  f i r s t  g r a t i n g  p r o p e r t i e s  a r e  q u i t e  d e p e n d e n t  o n  t h e  S i 3 N 4  w a v e g u i d e  c h a r a c t e r i s t i c s .  
T h e  r e s o n a n t  g r a t i n g  p e r i o d  o f  t h e  f i r s t  g r a t i n g  i s  a n  o r d e r  o f  m a g n i t u d e  m o r e  d e p e n d e n t  
o n  t h e  S i 3 N 4  t h i c k n e s s  t h e n  t h e  s e c o n d  g r a t i n g  p e r i o d .  I t  i s  b e l i e v e d  t h a t  t h e  S i 3 N 4  
t h i c k n e s s  w a s  d e p o s i t e d  w i t h  1 0 %  n o n - u n i f o r m i t y  a c r o s s  t h e  w a f e r  [ 7 . 7 ] .  A s  t h e  S i 3 N 4  
t h i c k n e s s  g r a d u a l l y  c h a n g e s  s o  d o e s  t h e  r e s o n a n t  w a v e l e n g t h .  T h i s  i s  e f f e c t i v e l y  a  
c h i r p i n g ,  a n d  c o u l d  r e s u l t  i n  a  b r o a d e n i n g  o f  t h e  f i r s t  g r a t i n g  s p e c t r a .  T o  p r o v e  t h i s  
s t a t e m e n t ,  f u r t h e r  t h e o r e t i c a l  a n a l y s i s  i s  n e e d e d ,  a s  w e l l  a s  a n  i n v e s t i g a t i o n  o n  t h e  S i 3 N 4  
t h i c k n e s s  n o n - u n i f o r m i t y .  H o w e v e r ,  f r o m  t h e  p e r s p e c t i v e  o f  u s i n g  t h e  D G A D C ,  t h i s  i s  a n  
e x c e l l e n t  r e s u l t ,  b e c a u s e  t h e  w a v e l e n g t h  s h i f t  d e p e n d s  o n l y  o n  t h e  s e c o n d  g r a t i n g  p e r i o d .
w a v e le n g th  (nm )
Figure 7.44. F irst grating p erio d  does not influence the peak position but affects the coupling  
efficiency (A ia = A IC - 60nm, A IB = A ,c - 30nm, A2a = A 2B = A 2C)
I f  w e  a s s u m e  t h a t  t h e  p e a k  p o s i t i o n  i s  d e t e r m i n e d  b y  t h e  s e c o n d  g r a t i n g  p e r i o d ,  m e a s u r e d  
p e a k  w a v e l e n g t h  s h i f t  f o r  t h e  D G A D C  i s  i n  a  g o o d  a g r e e m e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s .  
A n  e x a m p l e  i n  F i g u r e  7 . 4 5  d e m o n s t r a t e s  t h i s  s t a t e m e n t .  S p e c t r a l  m e a s u r e m e n t s  f o r  t h r e e  
d i f f e r e n t  g r a t i n g  p e r i o d s  a r e  p l o t t e d  i t  t h i s  g r a p h .  T h e  t h e o r e t i c a l  d i f f e r e n c e  b e t w e e n  b l u e  
a n d  b l a c k  p e a k s  i s  A E p T = 8 . 2 n m  w h i l e  t h e  m e a s u r e d  v a l u e  i s  A X p E = 7 . 6 n m  ( A E P T  =  
t h e o r e t i c a l  p e a k  s h i f t ,  A E p e  =  e x p e r i m e n t a l  p e a k  s h i f t ) .  F o r  b l u e  a n d  r e d  p e a k s  t h e s e
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nr p
v a l u e s  a r e  AXP = 4 9 . 0 n m  a n d  A A . P  = 4 9 . 0 n m ,  r e s p e c t i v e l y .  T h e  f i r s t  g r a t i n g  p e r i o d s  w e r e  
a l s o  i n c r e a s e d  t o  a c h i e v e  m a x i m u m  c o u p l i n g  e f f i c i e n c y .
3
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Figure 7.45. Tunability o f  DGADC
F i g u r e  7 . 4 6  s h o w s  t h e  b e s t  r e s u l t s  i n  t e r m s  o f  t h e  c o u p l i n g  e f f i c i e n c y .  T h e s e  c u r v e s  w e r e  
o b t a i n e d  f o r  d e v i c e s  f r o m  d i f f e r e n t  s a m p l e s ,  u n l i k e  t h o s e  i n  F i g u r e  7 . 4 5 ,  w h i c h  w e r e  a l l  
f r o m  t h e  s a m e  c h i p ,  a n d  h e n c e  a  l a r g e r  d i f f e r e n c e  b e t w e e n  t h e  t h e o r y  a n d  e x p e r i m e n t  
c o u l d  b e  e x p e c t e d .  T h i s  i s  p a r t i c u l a r l y  t h e  c a s e  f o r  r e s u l t s  A a n d  B, w h e r e  t h e  d i f f e r e n c e  
b e t w e e n  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  p e a k  s h i f t  i s  ~ 2 . 5 n m .  T h e  d i f f e r e n c e  i s  m o s t  
p r o b a b l y  c a u s e d  b y  a  v a r i a t i o n  i n  t h e  t h i c k n e s s  o f  t h e  d e p o s i t e d  l a y e r s .  N e v e r t h e l e s s ,  t h e  
s h i f t  i s  c l e a r l y  o b s e r v a b l e  f o r  t h e  d i f f e r e n c e  i n  t h e  g r a t i n g  p e r i o d  o f  1 O n m .
F r o m  t h e  B r a g g  c o n d i t i o n  ( s e e  c h a p t e r  4 )  w e  c a n  o b t a i n  a  r e l a t i o n  b e t w e e n  e f f e c t i v e  
i n d i c e s  o f  S i 3 N 4  ( N A )  a n d  S i  ( N B ) :
n n 271 271 2  71 2 71
p b = P a + ^ ~  = >  - r N B = - r N A + - r  
A  x p x p A
X
= >  N b =  N a + - L
A
( 7 . 5 )
w h e r e  N B = N B ( J „ n „ A * , A , . . . )  i s  t h e  e f f e c t i v e  i n d e x  o f  t h e  m o d e  w h i c h  i s  m a i n l y  c o n f i n e d  i n  
t h e  S i  l a y e r ,  NA =  NA (di,ni,'k,A , . . . )  e f f e c t i v e  i n d e x  o f  t h e  m o d e  w h i c h  i s  m a i n l y  c o n f i n e d  i n
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t h e  S i 3N 4  l a y e r ,  A , p  p e a k  w a v e l e n g t h  a n d  A  g r a t i n g  p e r i o d .  T h e  e f f e c t i v e  i n d i c e s  a r e  
f u n c t i o n s  o f  a l l  t h e  l a y e r s ’ t h i c k n e s s e s  a n d  r e f r a c t i v e  i n d i c e s ,  w a v e l e n g t h ,  g r a t i n g  p e r i o d  
e t c .  A s  t h e  g r a t i n g  h e i g h t  i s  r a t h e r  s m a l l  ( « 1 0 n m ) ,  a  c h a n g e  i n  t h e  g r a t i n g  p e r i o d  d o e s  n o t  
a f f e c t  N b a n d  NA s i g n i f i c a n t l y ,  e s p e c i a l l y  s i n c e  A A i ,  A A 2 «  A i ,  T h e r e f o r e ,  i t  c a n  b e  
a s s u m e d  t h a t  N B, NA ~  c o n s t ,  a n d  t h e r e f o r e  A , p / A « c o n s t ,  w h i c h  m e a n s  t h a t  w e  c a n  e x p e c t  
l i n e a r  A . p = A . p ( A )  d e p e n d e n c e .  F i g u r e  7 . 4 7  c o n f i r m s  t h i s  r e s u l t .
7.9nm
wavelength (nm)
Figure 7.46. Best measurements from  the middle o f  the wafer. D evices were from different 
samples, and had different grating periods (A2a = 1.386pm, A 2b = 1.396pm,
A 2c = 1.376pm, A 2D = 1.446pm)
R e s u l t s  f r o m  f o u r  s a m p l e s  f r o m  d i f f e r e n t  p a r t s  o f  t h e  w a f e r  a r e  p r e s e n t e d  i n  F i g u r e  7 . 4 7 .  
L i n e a r  f i t s  a r e  s i m i l a r  t o  t h e  t h e o r e t i c a l  o n e  i n  t e r m s  o f  t h e  s l o p e .  C h i p  3  w a s  f r o m  t h e  
m i d d l e  o f  t h e  w a f e r  a n d  i t  i s  o b v i o u s  t h a t  r e s u l t s  f r o m  t h a t  c h i p  a r e  c l o s e s t  t o  t h e  
t h e o r e t i c a l  v a l u e s  e s p e c i a l l y  f o r  t h e  1 5 4 0 - 1 5 6 0 n m  w a v e l e n g t h  r e g i o n .  C l e a r l y ,  w e  c a n  
e x p e c t  t h a t  i n  t h e  c e n t r e  o f  t h e  w a f e r  t h e  l a y e r  p a r a m e t e r s  s h o u l d  b e  s i m i l a r  t o  t h o s e  
d e s i g n e d ,  a n d  t h e r e f o r e  w e  e x p e c t  a  p e a k  w a v e l e n g t h  c l o s e  t o  t h e  t h e o r e t i c a l  v a l u e .  T h e  
p r o x i m i t y  o f  t h e  t h e o r e t i c a l  l i n e  a n d  t h e  e x p e r i m e n t a l  f i t  f o r  c h i p  3  c o n f i r m s  t h i s
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e x p e c t a t i o n .  O n  t h e  o t h e r  h a n d ,  t h e  f u r t h e r  t h e  c h i p  f r o m  t h e  c e n t r e  o f  t h e  w a f e r ,  t h e  
b i g g e r  t h e  d i f f e r e n c e  b e t w e e n  t h e  t h e o r y  a n d  e x p e r i m e n t .  C h i p  1  w a s  f u r t h e r  a w a y  f r o m  
t h e  c e n t r e ,  t h e n  t h e  o t h e r  s a m p l e s ,  a n d  i t  i s  e v i d e n t  t h a t  t h e  d i f f e r e n c e  b e t w e e n  b l a c k  a n d  
b l u e  l i n e s  i s  t h e  l a r g e s t  o f  a l l .
1610 t-------------------------------------------------------------------------------------------------------------------------
•  chip 2 
■ chip 1
•  chip 3
• chip 4
—  Linear (chip 2)
—  Linear (chip 1)
—  Linear (chip 3)
—  Linear (chip 4)
—  Linear (theory)
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grating period (microns)
Figure 7.47. Dependence between the peak position and the grating period is linear, as expected
T h e  s i l i c o n  n i t r i d e  l a y e r  i s  v e r y  i m p o r t a n t  f o r  t h e  o p e r a t i o n  o f  t h e  D G A D C ,  a n d  t h i s  f a c t  
h a s  b e e n  u n d e r l i n e d  s e v e r a l  t i m e s  i n  t h i s  w o r k .  W e  c a n  t h e r e f o r e  a s s u m e  t h a t  t h e  n o n ­
u n i f o r m i t y  o f  t h e  n i t r i d e  l a y e r  a c r o s s  t h e  w a f e r  i s  t h e  m a i n  r e a s o n  f o r  t h e  o b s e r v e d  
d i f f e r e n c e  b e t w e e n  t h e  t h e o r y  a n d  e x p e r i m e n t  i n  F i g u r e  7 . 4 7 .  C a l c u l a t i o n  s h o w s  t h a t  a  
d i f f e r e n c e  o f  5 0 n m  i n  S i 3 N 4  t h i c k n e s s ,  a c r o s s  t h e  w h o l e  w a f e r ,  w o u l d  c a u s e  a  d i s c r e p a n c y  
b e t w e e n  t h e  t h e o r y  a n d  e x p e r i m e n t  s h o w n  i n  F i g u r e  7 . 4 7 .  T h i s  i s  a  1 0 %  v a r i a t i o n  o f  t h e  
n i t r i d e  t h i c k n e s s  a n d  a c c o r d i n g  t o  [ 7 . 7 ] ,  i t  i s  a  q u i t e  r e a l i s t i c  f i g u r e  f o r  t h e  P E C V D  
d e p o s i t i o n  u s e d  i n  t h e  f a b r i c a t i o n .
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7.7 Summary
D e v i c e s  w e r e  f a b r i c a t e d  a c c o r d i n g  t o  t h e  f a b r i c a t i o n  p r o c e d u r e  d e s c r i b e d  i n  c h a p t e r  6 .  
S a m p l e s  w e r e  d i c e d  a n d  p o l i s h e d .  B o t h  f i b r e  a n d  f r e e  s p a c e  m e a s u r e m e n t s  w e r e  
p e r f o r m e d .  D G A D C  d i m e n s i o n s  w e r e  c h e c k e d  u n d e r  a n  S E M  a n d  d a t a  c o l l e c t e d  d u r i n g  
m e a s u r e m e n t s  w e r e  a n a l y s e d .  T h e  m a i n  o b s e r v a t i o n s  w e r e :
■  D e v i c e s  w e r e  o v e r  e t c h e d  s u c h  t h a t  t h e  t h i c k n e s s  o f  t h e  t o p  S i O N  l a y e r  w a s  
r e d u c e d  b y  a s  m u c h  a s  3 5 % .  T h i s  l i m i t e d  t h e  m a x i m u m  t h e o r e t i c a l  c o u p l i n g  
e f f i c i e n c y  a c h i e v a b l e  t o  6 0 % .
■  C o u p l i n g  e x i s t e d  f o r  q u i t e  a  b r o a d  r a n g e  o f  A i  a n d  A 2 . T h e  r e s o n a n t  p e a k  p o s i t i o n  
w a s  d e t e r m i n e d  b y  A 2 , a l t h o u g h  A i  a f f e c t e d  t h e  c o u p l i n g  e f f i c i e n c y .
■  T h e  r e s o n a n t  p e a k  w i d t h  w a s  i n  t h e  r a n g e  1 . 3 - 5 n m .  S i d e  l o b e s  w e r e  q u i t e  
p r o n o u n c e d  i n  s o m e  c a s e s .
■  M a x i m u m  c o u p l i n g  e f f i c i e n c y  o f  t h e  D G A D C  w a s  i n  e x c e s s  o f  5 0 % .  h i  a d d i t i o n ,  
w i t h  t h e  r i g h t  t h i c k n e s s  o f  t h e  t o p  S i O N  l a y e r ,  e f f i c i e n c y  o f  ~ 8 0 %  c o u l d  b e  
e x p e c t e d .
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8.1 Summary and conclusions
T h i s  t h e s i s  h a s  i n v e s t i g a t e d  e f f i c i e n t  c o u p l i n g  t o  s m a l l  s i l i c o n  w a v e g u i d e s .  T h e  g o a l  w a s  
t o  d e s i g n  a  g r a t i n g  b a s e d  c o u p l e r ,  t o  f a b r i c a t e  t h e  c o u p l e r ,  a n d  t o  a s s e s s  i t s  p e r f o r m a n c e .  
B y  i m p l e m e n t i n g  a  n o v e l  D u a l  G r a t i n g - A s s i s t e d  D i r e c t i o n a l  C o u p l i n g  a p p r o a c h ,  
e f f i c i e n c y  i n  e x c e s s  o f  5 0 %  h a s  b e e n  a c h i e v e d  f o r  c o u p l i n g  t o  a  2 3 0 n m  t h i c k  s i l i c o n  
w a v e g u i d e ,  d e m o n s t r a t i n g  t h e  p o t e n t i a l  o f  t h e  s t r u c t u r e  f o r  c o m m e r c i a l  a p p l i c a t i o n s .
T o  t h e  a u t h o r s  k n o w l e d g e ,  t h e r e  a r e  o n l y  t w o  o t h e r  w o r k s  i n  t h e  f i e l d  t h a t  e x a m i n e  
g r a t i n g - a s s i s t e d  d i r e c t i o n a l  c o u p l i n g  t o  n a n o p h o t o n i c  w a v e g u i d e s .  T h i s  w o r k  
d e m o n s t r a t e s ,  f o r  t h e  f i r s t  t i m e ,  s u c c e s s f u l  c o u p l i n g  t o  a  s m a l l  s i l i c o n  w a v e g u i d e  a t  t h e  
w a v e l e n g t h  o f  1 . 5 5  p m  v i a  t h i s  c o u p l i n g  m e t h o d ,  a n d  t h e  c o u p l i n g  e f f i c i e n c y  i s  o n e  o f  t h e  
b e s t  a c h i e v e d  b y  a n y  m e t h o d .  M o r e  i m p o r t a n t l y ,  t h e r e  i s  a  p o t e n t i a l  f o r  i m p r o v i n g  t h e  
e f f i c i e n c y  s u c h  t h a t  t h e  c o u p l i n g  l o s s  i s  b e l o w  l d B  p e r  w a v e g u i d e  i n t e r f a c e  f u r t h e r  
e n l a r g i n g  t h e  e x p e c t a t i o n  o f  c o m m e r c i a l i s a t i o n .
T h e  c o u p l e r  c o n s i s t s  o f  a  t o p  S i O N  w a v e g u i d e ,  w h i c h  e n a b l e s  e f f i c i e n t  c o u p l i n g  t o / f r o m  
a n  o p t i c a l  f i b r e ,  S i 3N 4  a n d  S O I  w a v e g u i d e s ,  t w o  g r a t i n g s  a n d  t w o  S i O N  s e p a r a t i o n  l a y e r s .  
T h e  s i l i c o n  n i t r i d e  w a v e g u i d e  i s  c r u c i a l  f o r  t h e  o p e r a t i o n  o f  t h e  d e v i c e  b e c a u s e  i t  e n a b l e s  
h i g h l y  e f f i c i e n t  c o u p l i n g  a t  b o t h  g r a t i n g s ,  c o n s e q u e n t l y  f o r m i n g  a n  e f f i c i e n t  D G A D C .  
T h i s  w a v e g u i d e  b r i d g e s  t h e  g a p  b e t w e e n  t h e  S i O N  a n d  S i  l a y e r s  i n  b o t h  r e f r a c t i v e  i n d e x  
a n d  t h i c k n e s s .  T h i s  i s ,  t h e r e f o r e ,  a  n o v e l  a p p r o a c h  f o r  s o l v i n g  t h e  c o u p l i n g  p r o b l e m .
T h e  D G A D C  w a s  d e s i g n e d  u s i n g  t h e  T r a n s f e r  M a t r i x  M e t h o d  ( T M M )  a n d  F l o q u e t - B l o c h  
T h e o i y  ( F B T ) .  T h e  f o r m e r  m e t h o d  i s  b a s e d  o n  l o c a l  n o r m a l  m o d e s ,  i s  q u i t e  a  s i m p l e  
m e t h o d  f o r  i m p l e m e n t a t i o n ,  a n d  i s  s u f f i c i e n t l y  a c c u r a t e  i n  t h i s  c a s e  b e c a u s e  t h e  g r a t i n g s  
a r e  s h a l l o w .  H o w e v e r ,  a s  t h e  T M M  t e n d s  t o  o v e r e s t i m a t e  r a d i a t i o n  l o s s ,  t h e  l a t t e r  m e t h o d  
w a s  e x t e n s i v e l y  e m p l o y e d  f o r  m o r e  a c c u r a t e  c a l c u l a t i o n s  a n d  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  
r e s u l t s .  T h e r e f o r e  t h e  a u t h o r  i s  c o n f i d e n t  t h a t  t h e  r e s u l t s  o f  s i m u l a t i o n s  a r e  r e a l i s t i c .
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T h e  i n f l u e n c e  o f  a  r a n g e  o f  p a r a m e t e r s  o n  c o u p l e r  p e r f o r m a n c e  w a s  e x a m i n e d ,  i n c l u d i n g  
g r a t i n g  d e p t h ,  d u t y  c y c l e ,  t h e  l a y e r  i n  w h i c h  t h e  g r a t i n g  i s  f a b r i c a t e d  a n d  t h e  r e f r a c t i v e  
i n d e x  o f  t h e  l a y e r s .  D e e p e r  g r a t i n g s  r e d u c e  t h e  c o u p l i n g  l e n g t h ,  b u t  t h e y  a l s o  r e d u c e  t h e  
c o u p l i n g  e f f i c i e n c y .  T h e r e f o r e ,  t h e  r a t i o  o f  t h e  c o u p l i n g  e f f i c i e n c y  a n d  c o u p l i n g  l e n g t h  
c a n  b e  u s e d  t o  d e t e r m i n e  o p t i m u m  v a l u e s  o f  d e v i c e  p a r a m e t e r s .  H i g h e r  v a l u e s  o f  t h e  d u t y  
c y c l e  c a n  a l s o  i m p r o v e  t h e  c o u p l i n g  e f f i c i e n c y .  F o r  m a x i m u m  r e f r a c t i v e  i n d e x  
p e r t u r b a t i o n ,  a n d  h e n c e  i m p r o v e d  e f f i c i e n c y ,  t h e  g r a t i n g s  s h o u l d  b e  p a t t e r n e d  i n  t h e  l a y e r s  
w i t h  h i g h e r  r e f r a c t i v e  i n d e x  t o  a i d  p o w e r  t r a n s f e r .  N o t  o n l y  i s  t h e  c o u p l i n g  e f f i c i e n c y  
h i g h e r  b u t  t h e  c o u p l i n g  l e n g t h  c a n  b e  s i g n i f i c a n t l y  r e d u c e d  ( m o r e  t h a n  a n  o r d e r  o f  
m a g n i t u d e  f o r  t h e  s e c o n d  g r a t i n g ) .  T h e  i n f l u e n c e  o f  t h e  g r a t i n g  p r o f i l e  011 t h e  c o u p l i n g  
e f f i c i e n c y  a n d  r e s o n a n t  w a v e l e n g t h  h a s  a l s o  b e e n  a n a l y s e d ,  s h o w i n g  t h a t  i t  i s  n o t  
s i g n i f i c a n t .  F u r t h e r m o r e ,  i t  h a s  b e e n  a l s o  s h o w n  t h a t  f a b r i c a t i o n  t o l e r a n c e s  o f  t h e  D G A D C  
a r e  i m p r o v e d  b y  t w o  o r d e r s  o f  m a g n i t u d e  c o m p a r e d  t o  t h e  b e s t  p r e v i o u s  d e s i g n  o f  a  
g r a t i n g  b a s e d  c o u p l e r .  T h e r e f o r e  s e v e r a l  d e s i g n  i t e r a t i o n s  h a v e  r e s u l t e d  i n  a  h i g h l y  
e f f i c i e n t  d e v i c e  d e s i g n .
S i O N  i s  a  f l e x i b l e  m a t e r i a l  t o  u s e  i n  t h e  f a b r i c a t i o n  o f  a  g r a t i n g  c o u p l e r  b e c a u s e  t h e  
r e f r a c t i v e  i n d e x  c a n  e a s i l y  b e  v a r i e d  b y  c h a n g i n g  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  o x y g e n  
a n d  n i t r o g e n .  T h e r e  a r e  a  n u m b e r  o f  p o s s i b l e  c o m b i n a t i o n s  o f  S i O N  r e f r a c t i v e  i n d i c e s  t h a t  
c a n  g i v e  h i g h  c o u p l i n g  e f f i c i e n c y  o f  t h e  d e v i c e ,  a n d  h e n c e  t h e  c h o i c e  i s  d e t e r m i n e d  b y  t h e  
r e p r o d u c i b i l i t y  o f  t h e  r e f r a c t i v e  i n d e x  a n d  u n i f o r m i t y  o f  t h e  l a y e r s  t h a t  c a n  b e  a c h i e v e d  
u s i n g  t h e  d e p o s i t i o n  e q u i p m e n t  a v a i l a b l e .  T h e r e f o r e ,  a  n u m b e r  o f  d e p o s i t i o n  t r i a l s  w e r e  
u n d e r t a k e n  t o  d e t e r m i n e  t h e  r e f r a c t i v e  i n d e x  o f  t h e  l a y e r s ,  a n d  d e p o s i t i o n  r e c i p e  t h a t  
w o u l d  b e  u s e d  f o r  t h e  f a b r i c a t i o n  o f  t h e  c o u p l e r .
T h e  f i l m s  w e r e  d e p o s i t e d  b y  t h e  P E C V D  m e t h o d  w i t h  v a r y i n g  f l o w  r a t e s  o f  n i t r o u s  o x i d e ,  
a n d  c o n s t a n t  f l o w s  o f  a m m o n i a  a n d  s i l a n e .  T h i c k n e s s  u n i f o r m i t y  a c r o s s  t h e  w a f e r  w a s  n o t  
p a r t i c u l a r l y  g o o d  f o r  l o w e r  g a s  f l o w s  o f  n i t r o u s  o x i d e ,  a n d  h e n c e ,  a  l a r g e r  n i t r o u s  o x i d e  
f l o w  w a s  d e s i r a b l e .  B o t h  t h i c k  a n d  t h i n  l a y e r s  w e r e  d e p o s i t e d .  T o  d e t e r m i n e  t h e  r e f r a c t i v e  
i n d e x  a n d  t h i c k n e s s  o f  t h e  d e p o s i t e d  l a y e r s ,  A T R  a n d  e l l i p s o m e t r y  w e r e  u s e d  a s  
c o m p l e m e n t a r y  t e c h n i q u e s .  T h e  t a r g e t  f i l m  t h i c k n e s s  t o  b e  m e a s u r e d  w a s  t h e  f a c t o r  
d e t e r m i n i n g  w h e t h e r  e l l i p s o m e t r y  o r  p r i s m  c o u p l i n g  ( A T R )  w a s  t h e  p r e f e r r e d  t e c h n i q u e .  
E l l i p s o m e t r y  w a s  t h e  c h o i c e  f o r  t h e  m e a s u r e m e n t  o f  t h i n  f i l m s ,  w h i l e  t h e  A T R  w a s  
e m p l o y e d  f o r  t h i c k  f i l m  m e a s u r e m e n t s  d u e  t o  b o t h  l i m i t a t i o n s  o f  e l l i p s o m e t r y  a n d  h i g h
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a c c u r a c y  o f  t h e  A T R  f o r  t h i c k  f i l m  m e a s u r e m e n t s .  T h e s e  m e a s u r e m e n t s  c o n f i r m e d  t h a t  
r e f r a c t i v e  i n d e x  c o u l d  b e  a c c u r a t e l y  c o n t r o l l e d  d u r i n g  f a b r i c a t i o n ,  a l t h o u g h  i t  w a s  
o b s e r v e d  t h a t  t h i c k n e s s  n o n - u n i f o r m i t y  i n  s o m e  c a s e s  w a s  a s  h i g h  a s  1 0 % .
T h e  f i r s t  g r a t i n g  h a s  a  p e r i o d  o f  a r o u n d  5 p m ,  w h i l e  t h e  s e c o n d  g r a t i n g  p e r i o d  i s  i n  t h e  
r a n g e  1 . 3 - 1 . 4 p m .  T h e s e  v a l u e s  o f  g r a t i n g  p e r i o d s  a r e  o b v i o u s l y  e a s i e r  t o  f a b r i c a t e  t h a n  
c o n v e n t i o n a l  g r a t i n g s  i n  s i l i c o n ,  w h i c h  t y p i c a l l y  r e q u i r e  p e r i o d s  o f  t h e  o r d e r  o f  2 0 0  -  
4 0 0 n m .  T h e  p e r i o d s  o f  t h e  g r a t i n g s  i n  t h i s  w o r k  a r e  m u c h  l a r g e r  t h a n  t y p i c a l  s i l i c o n  
g r a t i n g s  d u e  t o  t h e  i n c l u s i o n  o f  t h e  l a y e r s  o f  S i 3 N 4  a n d  S i O N  t h a t  h a v e  a  m u c h  l o w e r  
r e f r a c t i v e  i n d e x  t h a n  t h a t  o f  s i l i c o n .  D u r i n g  a n a l y s i s  o f  t h e  f a b r i c a t e d  g r a t i n g s ,  i t  w a s  
d e t e r m i n e d  t h a t  t h e  d u t y  c y c l e  v a r i e d  f r o m  0 . 4 0  t o  0 . 6 5 .  G r a t i n g s  w i t h  h i g h e r  v a l u e s  o f  t h e  
d u t y  c y c l e  b r o a d e n  t h e  r e s o n a n c e  s p e c t r u m ,  w h i c h  i s  d e s i r a b l e  i n  s o m e  a p p l i c a t i o n s  t h a t  
r e q u i r e  a  l a r g e r  s p e c t r a l  w i d t h .  H o w e v e r ,  t h e  d u t y  c y c l e  c o u l d  n o t  b e  a c c u r a t e l y  c o n t r o l l e d  
w i t h  t h e  e q u i p m e n t  u s e d  i n  t h i s  p r o j e c t ,  a n d  h e n c e  m o r e  a d v a n c e d  e q u i p m e n t  s h o u l d  b e  
e m p l o y e d  f o r  t h e  f u t u r e  w o r k .  T h e r e f o r e  h i g h e r  e f f i c i e n c y  d e v i c e s  a r e  p o s s i b l e  i f  a  s t a t e  o f  
t h e  a r t  f a b r i c a t i o n  f a c i l i t y  i s  u t i l i s e d .
T h e  l a s t  s t e p  i n  t h e  f a b r i c a t i o n  o f  t h e  D G A D C  i s  t h e  d e e p  d r y  e t c h i n g  o f  t h e  t w o  t o p  S i O N  
l a y e r s  a n d  t h e  S i 3 N 4  l a y e r .  T h e  r e s u l t s  o f  t h e  t r i a l s  i n d i c a t e d  t h a t  t h i s  p r o c e s s  c o u l d  b e  w e l l  
c o n t r o l l e d .  H o w e v e r ,  S E M  a n a l y s i s  o f  t h e  f i n a l  d e v i c e s  u n f o r t u n a t e l y  r e v e a l e d  a  
s i g n i f i c a n t  d e c r e a s e  i n  t h e  S i O N  t h i c k n e s s .  F u r t h e r m o r e ,  r o u n d i n g  o f  t h e  S i O N  w a v e g u i d e  
a n d  c o r r u g a t i o n s  o n  t h e  t o p ,  w h i c h  w e r e  v i s i b l e  o n  t h e  S E M  m i c r o g r a p h s  t a k e n ,  s u g g e s t  
t h a t  t h e  p h o t o r e s i s t  m a s k  w a s  c o m p l e t e l y  e t c h e d  a w a y  b e f o r e  t h e  e n d  o f  t h e  d e e p  e t c h  
p r o c e s s .  H e n c e ,  t h e  t o p  S i O N  w a v e g u i d e  w a s  s e r i o u s l y  o v e r  e t c h e d .  T h e  r e a s o n  f o r  t h i s  i s  
u n c l e a r ,  a n d  i t  i s  p o s s i b l e  t h a t  t h e r e  w a s  a n  e q u i p m e n t  m a l f u n c t i o n  r e s u l t i n g  i n  a  h i g h e r  
e t c h  r a t e  a n d / o r  a  l a c k  o f  s u f f i c i e n t  e t c h  m o n i t o r i n g  d u r i n g  t h e  e t c h i n g  a t  t h e  S o u t h a m p t o n  
U n i v e r s i t y  f a b r i c a t i o n  f a c i l i t y .
T h i s  d e c r e a s e  s e r i o u s l y  a f f e c t s  m a x i m u m  a c h i e v a b l e  c o u p l i n g  e f f i c i e n c y  o f  t h e  d e v i c e s ,  
r e d u c i n g  t h e  t h e o r e t i c a l  m a x i m u m  c o u p l i n g  e f f i c i e n c y  f r o m  m o r e  t h a n  9 0 %  t o  o n l y  6 0 % .  
T h i s  d o e s  n o t  c h a n g e  t h e  d e m o n s t r a t i o n  o f  t h e  c o u p l e r  i n  p r i n c i p l e ,  b u t  i t  m e a n s  t h a t  f o r  
t h e  d e v i c e s  t h a t  w e r e  f a b r i c a t e d ,  t h e  m a x i m u m  t h e o r e t i c a l  c o u p l i n g  e f f i c i e n c y  i s  
s i g n i f i c a n t l y  r e d u c e d .  T h e  m e a s u r e d  c o u p l i n g  e f f i c i e n c y  i s  t h e r e f o r e  e x p e c t e d  t o  b e
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r e d u c e d  a c c o r d i n g l y .  T h e  r e d u c e d  t h i c k n e s s  a l s o  s i g n i f i c a n t l y  i n c r e a s e d  t h e  c o u p l i n g  l o s s  
w h e n  c o u p l i n g  f r o m  a n  o p t i c a l  f i b r e  d u e  t o  i n c r e a s e d  m o d a l  m i s m a t c h .
M e a s u r e m e n t s  o f  t h e  s p e c t r a l  r e s p o n s e  o f  t h e  c o u p l e r s  s h o w e d  g e n e r a l l y  w e l l  d e f i n e d  
r e s o n a n t  p e a k s ,  s m a l l  s i d e  l o b e s ,  a n d  a p p r o p r i a t e  s h i f t i n g  o f  t h e  r e s o n a n t  p e a k  w i t h  
c h a n g i n g  g r a t i n g  p e r i o d ,  a s  e x p e c t e d ,  h i  c o n t r a s t  t o  t h e o r e t i c a l  p r e d i c t i o n s ,  h o w e v e r ,  t h e  
p a s s  b a n d  o f  t h e - f i r s t  g r a t i n g  w a s  b r o a d e r  t h a n  t h a t  o f  t h e  s e c o n d .  T h i s  b r o a d e n i n g  i s  n o t  
f u l l y  u n d e r s t o o d ,  a l t h o u g h  s i g n i f i c a n t  b r o a d e n i n g  c a n  b e  a c h i e v e d  f o r  h i g h e r  d u t y  c y c l e s  
( m a r k  t o  s p a c e  r a t i o )  o f  t h e  g r a t i n g ,  w h i c h  w a s  c o n f i r m e d  v i a  t e s t  b a t c h e s .  T h i s ,  h o w e v e r ,  
c a n n o t  b e  t h e  o n l y  r e a s o n  f o r  t h e  i n c r e a s e  i n  t h e  f i r s t  g r a t i n g  s p e c t r a l  w i d t h  b y  a  f a c t o r  o f  
t h r e e  f r o m  t h e  e x p e c t e d  v a l u e .  A d d i t i o n a l  b r o a d e n i n g  c a n  b e  t h e  r e s u l t  o f  t h e  S i 3N 4  
t h i c k n e s s  n o n - u n i f o r m i t y ,  w h i c h  g r a d u a l l y  c h a n g e s  t h e  r e s o n a n t  w a v e l e n g t h  a l o n g  t h e  
g r a t i n g  l e n g t h ,  e f f e c t i v e l y  ‘ c h i r p i n g ’ t h e  g r a t i n g .  W h i l s t  o f f e r i n g  a  p o s s i b l e  e x p l a n a t i o n  
f o r  t h e  b r o a d e n i n g  o f  t h e  f i r s t  g r a t i n g  s p e c t r a l  w i d t h ,  t h e s e  h y p o t h e s e s  n e e d  t o  b e  f u r t h e r  
i n v e s t i g a t e d  t o  c o n f i r m  t h e i r  e f f e c t .  G i v e n  t h a t  t h e  f i r s t  g r a t i n g  h a s  a  b r o a d e r  t h a n  
e x p e c t e d  s p e c t r a l  w i d t h ,  t h e  n e t  r e s o n a n t  p e a k  p o s i t i o n  o f  t h e  D G A D C  a s  a  w h o l e ,  i s  t h e n  
d e t e r m i n e d  b y  t h e  s e c o n d  g r a t i n g  p e r i o d .  T h e  m e a s u r e d  p e a k  w a v e l e n g t h  s h i f t  f o r  t h e  
D G A D C  i s  i n  a  g o o d  a g r e e m e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  b a s e d  u p o n  t h e  d e s i g n  o f  t h e  
s e c o n d  g r a t i n g .
A s  f o r  t h e  n e t  r e s o n a n t  p e a k  w i d t h ,  m e a s u r e d  v a l u e s  a r e  t y p i c a l l y  w i t h i n  t h e  t h e o r e t i c a l l y  
p r e d i c t e d  r a n g e .  H o w e v e r ,  i n  s o m e  c a s e s  t h e  s i d e  l o b e s  w e r e  q u i t e  p r o n o u n c e d  a n d  c e n t r a l  
p e a k s  w e r e  n a r r o w e r  t h a n  e x p e c t e d .  T h i s  c o u l d  b e  s i m p l y  s p l i t t i n g  o f  t h e  m a i n  p e a k  f o r  
r e a s o n s  t h a t  h a v e  y e t  t o  b e  f u l l y  e x p l a i n e d .  H o w e v e r ,  i f  w e  a c c e p t  t h a t  t h e  m a i n  p e a k  i s  
s p l i t  i n  t h e s e  c a s e s ,  t h e  t o t a l  s p e c t r a l  w i d t h  o f  t h e  s p l i t  p e a k  i s  t h e n  w i t h i n  t h e  r a n g e  o f  t h e  
e x p e c t e d  F W H M .  O n e  p o s s i b l e  e x p l a n a t i o n  f o r  s p l i t t i n g  o f  t h e  s p e c t r a l  p e a k s  i s  a  
m i s m a t c h  o f  t h e  t w o  g r a t i n g  r e s o n a n t  w a v e l e n g t h s .  F u r t h e r  i n v e s t i g a t i o n  t o  f u l l y  e x p l a i n  
t h i s  e f f e c t  i s  n e e d e d .
C o u p l i n g  e f f i c i e n c y  c a n  b e  d e f i n e d  i n  s e v e r a l  d i f f e r e n t  w a y s .  A s  t h e  d e v i c e s  h a d  t h i n n e r  
t h a n  e x p e c t e d  S i O N  s u r f a c e  w a v e g u i d e s  a n d  w e r e  u n - a n n e a l e d ,  n o r m a l i s a t i o n  o f  t h e  
o u t p u t  p o w e r  f r o m  a n  i n p u t / o u t p u t  p a i r  o f  D G A D C s  t o  t h a t  f r o m  a  s t r a i g h t  S i O N  
w a v e g u i d e  f a b r i c a t e d  o n  t h e  s a m e  c h i p  i s  a  g o o d  c h o i c e .  T h i s  a p p r o a c h  r e m o v e s  t h e  
c o u p l i n g  a n d  p r o p a g a t i o n  l o s s e s ,  f r o m  t h e  c a l c u l a t i o n  o f  t h e  e f f i c i e n c y ,  a n d  i s  a l s o  t y p i c a l  
o f  t h e  a p p r o a c h e s  u s e d  i n  t h e  l i t e r a t u r e .  M a x i m u m  e x p e r i m e n t a l  c o u p l i n g  e f f i c i e n c y
240
8 Conclusions and Future W ork
d e t e r m i n e d  i n  t h a t  w a y  w a s  5 5 % .  T h e  s a m p l e s  f a b r i c a t e d  i n  t h e  c e n t r e  o f  t h e  w a f e r  h a d  
t h e  h i g h e s t  e f f i c i e n c y  a n d  r e s o n a n t  w a v e l e n g t h s  c l o s e  t o  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  T h a t  
i s  n o t  s u r p r i s i n g  k n o w i n g  t h a t  t h e  t h i c k n e s s  o f  t h e  l a y e r s  i n  t h e  c e n t r e  o f  t h e  w a f e r  a r e  
c l o s e s t  t o  t h o s e  d e s i g n e d .  T h i s  r e s u l t  r e p r e s e n t s  t h e  h i g h e s t  e x p e r i m e n t a l  e f f i c i e n c y  f o r  a  
g r a t i n g  b a s e d  c o u p l e r  f o r  t h i n  s e m i c o n d u c t o r  w a v e g u i d e s  r e p o r t e d  t o  d a t e .
I f  t h e  c o u p l i n g  e f f i c i e n c y  t r a n s l a t e s  p r o - r a t a  f r o m  t h e  f a b r i c a t e d  t o  t h e  o r i g i n a l  d e s i g n s ,  i t  
c a n  b e  e x p e c t e d  t h a t  a  c o u p l i n g  e f f i c i e n c y  i n  e x c e s s  o f  8 0 %  c a n  b e  a c h i e v e d  f o r  a  
c o r r e c t l y  f a b r i c a t e d  d e v i c e .  T h i s  m a k e s  t h e  D G A D C  a r g u a b l y  t h e  m o s t  p r o m i s i n g  m e t h o d  
o f  c o u p l i n g  t o  s m a l l  s i l i c o n  w a v e g u i d e s  a n d  d e v i c e s ,  a n d  i s  o n e  o f  t h e  o n l y  a p p r o a c h e s  
t h a t  a c h i e v e s  a n  e x p e r i m e n t a l  e f f i c i e n c y  c l o s e  t o  t h e  t h e o r e t i c a l  v a l u e .
T h e  D G A D C  c a n  h a v e  a  r a n g e  o f  a p p l i c a t i o n s .  I t  c a n  b e  u s e f u l  i n  w a v e l e n g t h  s e l e c t i v e  
a p p l i c a t i o n s  s u c h  a s  c o a r s e  w a v e l e n g t h  d i v i s i o n  m u l t i p l e x i n g  ( C W D M ) ,  o r  c o u p l i n g  o f  
t h e  p u m p  w a v e l e n g t h  t o  r e c e n t l y  d e m o n s t r a t e d  R a m a n  l a s e r s  o r  a m p l i f i e r s  i n  s i l i c o n ,  o r  i n  
s i n g l e  w a v e l e n g t h  a p p l i c a t i o n s  s u c h  a s  o p t i c a l  i n t e r c o n n e c t .  I t  a l s o  u s e s  m a t e r i a l s  t h a t  a r e  
C M O S  c o m p a t i b l e  a l t h o u g h  h i g h  a n n e a l i n g  t e m p e r a t u r e s  o r  t h i c k  S i O N  d e p o s i t i o n  c o u l d  
p r e s e n t  c h a l l e n g e s  f o r  C M O S  p r o c e s s i n g .  F i n a l l y ,  t h e  c o u p l e r  r e m o v e s  t h e  n e e d  f o r  a n t i  
r e f l e c t i o n  c o a t i n g s  a t  t h e  i n p u t  a n d  o u t p u t  f a c e t s .
8.2 Future work
F o l l o w i n g  t h e  s u c c e s s f u l  d e m o n s t r a t i o n  o f  t h e  p r i n c i p l e  o f  t h e  D u a l  G r a t i n g  A s s i s t e d  
D i r e c t i o n a l  C o u p l e r  i n  t h i s  p r o j e c t ,  t h e r e  a r e  s e v e r a l  a d d i t i o n a l  i s s u e s  t h a t  n e e d  t o  b e  
a d d r e s s e d  t o  a l l o w  t h e  f l e x i b i l i t y  o f  t h e  D G A D C  t o  b e  i m p r o v e d  a n d  t o  i m p r o v e  s o m e  o f  
t h e  d e v i c e  c h a r a c t e r i s t i c s .
T h e  d e e p  e t c h  p r o b l e m  c a n  b e  s o l v e d  w i t h  r e l a t i v e l y  l i t t l e  e f f o r t  a n d  i s  l i k e l y  t o  b e  a  f i r s t  
i s s u e  a d d r e s s e d  i n  t h e  f u t u r e  w o r k .  A n  a t t e m p t  t o  e x p l a i n  w h a t  d i d  h a p p e n  d u r i n g  t h e  
f a b r i c a t i o n  o f  t h e  c u r r e n t  b a t c h  o f  d e v i c e s  h a s  t o  b e  m a d e ,  t o  p r e v e n t  r e p e t i t i o n .  A s  t h e  
t e s t  f a b r i c a t i o n  r u n s  w e r e  s u c c e s s f u l ,  i t  i s  n o t  c l e a r  w h a t  d i d  h a p p e n  d u r i n g  D G A D C  
f a b r i c a t i o n .  T h e r e f o r e ,  t h e  s a m e  p r o c e d u r e  s h o u l d  b e  r e p e a t e d  w i t h  c a r e f u l  m o n i t o r i n g  o f  
t h e  e t c h  p r o c e s s .  M o r e  d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  p h o t o r e s i s t  e t c h  r a t e  n e e d s  t o  b e  
e a r n e d  o u t ,  a n d  t h i c k e r  p h o t o r e s i s t  a p p l i e d  f o r  t h e  n e x t  f a b r i c a t i o n  r a n ,  i f  n e c e s s a r y .  
A l t e r n a t i v e l y ,  a  d i f f e r e n t  m a s k i n g  m a t e r i a l  c o u l d  b e  u s e d .
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P r o b a b l y  t h e  m o s t  i m p o r t a n t  s t u d y  t h a t  h a s  t o  b e  e a r n e d  o u t  i s  t h e  a n n e a l i n g  o f  t h e  S i O N  
a n d  S i 3 N 4  l a y e r s .  F i r s t l y ,  t h e  S i O N  a n d  S i 3 N 4  l a y e r s  c o u l d  b e  d e p o s i t e d  o n  t h e  s i l i c o n  
s u b s t r a t e s  a n d  i n v e s t i g a t i o n  o f  t h e  a n n e a l i n g  i n f l u e n c e  o n  t h e  p r o p a g a t i o n  l o s s ,  t h i c k n e s s  
a n d  r e f r a c t i v e  i n d e x  w o u l d  f o l l o w .  T h e n ,  a  m o r e  c o m p l e x  e x p e r i m e n t  i s  r e q u i r e d ,  t h e  
d e p o s i t i o n  o f  S i O N  o n  S i 3 N 4  a n d  v i c e  v e r s a .  T h i s  i s  a  v e r y  i m p o r t a n t  s t e p  b e c a u s e  i t  
a l l o w s  o p t i m u m  a n n e a l i n g  p a r a m e t e r s  t o  b e  d e t e r m i n e d  f o r  t h e s e  s t r u c t u r e s ,  ( e . g .  
t e m p e r a t u r e  a n d  t i m e )  t h a t  w i l l  r e s u l t  i n  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  p r o p a g a t i o n  l o s s ,  a n d  
o b t a i n i n g  c r a c k  f r e e  p o s t  a n n e a l i n g  l a y e r s  a t  t h e  s a m e  t i m e .  I t  i s  c l e a r  f r o m  t h e  l i t e r a t u r e  
t h a t  s u c h  a  s t u d y  w i l l  b e  h i g h l y  b e n e f i c i a l  t o  t h e  D G A D C  s t r u c t u r e ,  a n d  w i l l  f u r t h e r  
i m p r o v e  t h e  d e v i c e .
B e t t e r  u n d e r s t a n d i n g  o f  t h e  u n e x p e c t e d  b e h a v i o u r  o f  t h e  f i r s t  g r a t i n g  ( b r o a d )  s p e c t r a  i s  
c r u c i a l  f o r  u n d e r s t a n d i n g  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  c o u p l e r  a s  a  w h o l e .  T h e r e f o r e ,  
a  f u r t h e r  s t u d y  o f  t h e  f i r s t  p a r t  o f  t h e  D G A D C  w o u l d  b e  b e n e f i c i a l .  T e s t  s t r u c t u r e s  
c o n s i s t i n g  o f  t h e  t w o  t o p  S i O N  l a y e r s ,  t h e  S i 3 N 4  l a y e r ,  a  g r a t i n g  a n d  a  t h i c k  o x i d e  o n  
s i l i c o n  s u b s t r a t e ,  c a n  b e  f a b r i c a t e d ,  s u c h  t h a t  t h e  o u t p u t  f r o m  t h e  s i l i c o n  n i t r i d e  w a v e g u i d e  
i s  m o n i t o r e d .  T h i s  s h o u l d  b e  e a r n e d  o u t  i n  a  m o r e  a d v a n c e d  f a b r i c a t i o n  f a c i l i t y  t o  p r o v i d e  
b e t t e r  c o n t r o l  o v e r  t h e  m a r k  t o  s p a c e  r a t i o  a n d  h e i g h t  o f  t h e  g r a t i n g s .  T h e  u n i f o r m i t y  o f  
t h e  S i 3 N 4  l a y e r  s h o u l d  b e  d e t e r m i n e d ,  a s  t h i s  l a y e r  i s  t h e  m o s t  i m p o r t a n t  f o r  t h e  o p e r a t i o n  
o f  t h e  D G A D C .  I t  w o u l d  b e  a l s o  i n t e r e s t i n g  t o  a s s e s s  t h e  i n f l u e n c e  o f  g r a t i n g  a p o d i s a t i o n  
o n  t h e  s p e c t r u m  s h a p e ,  a n d  h e n c e  t h i s  s t u d y  c o u l d  a l s o  b e  a  p a r t  o f  f u r t h e r  r e s e a r c h ,  b o t h  
t h e o r e t i c a l l y  a n d  e x p e r i m e n t a l l y .
I n  t e r m s  o f  w a v e g u i d e  d i m e n s i o n s ,  t h e  a p p r o a c h  h a s  b e e n  a p p l i e d  o n l y  o n  a  s i n g l e  
c h a n n e l  w a v e g u i d e  w i d t h .  I t  w o u l d  b e ,  t h e r e f o r e ,  i n t e r e s t i n g  t o  i n v e s t i g a t e  c o u p l i n g  t o  t h e  
s i l i c o n  w a v e g u i d e  w i t h  d i f f e r e n t  t h i c k n e s s e s  a n d  c r o s s  s e c t i o n s .  M o r e o v e r ,  a  5 x 5  p m  
c r o s s  s e c t i o n  i n p u t  S i O N  w a v e g u i d e  s h o u l d  b e  u s e d  t o  p r o v i d e  a  b e t t e r  m o d e  m a t c h  t o  t h e  
t a p e r e d  i n p u t  f i b r e  m o d e .  I n  a d d i t i o n ,  S i O N  a n d  S i 3 N 4  w a v e g u i d e s  c o u l d  b e  l a t e r a l l y  
t a p e r e d  d o w n  i n  t h e  f i r s t  g r a t i n g  s e c t i o n  t o  e n s u r e  t h e  s i n g l e  m o d e  c o n d i t i o n  w a s  m e t  i n  
t h e  S i 3 N 4  w a v e g u i d e ,  s i n c e  t h e  c u r r e n t  m u l t i m o d e  n a t u r e  o f  t h e  D G A D C  w a v e g u i d e s  c a n  
r e d u c e  t h e  c o u p l i n g  e f f i c i e n c y ,  a l b e i t  b y  a  s m a l l  a m o u n t .  I t  i s  a l s o  p o s s i b l e  t h a t  t h i s  
t a p e r i n g  w o u l d  r e d u c e  t h e  c o u p l i n g  l e n g t h ,  a s  i t  c o u l d  h a v e  t h e  s a m e  e f f e c t  a s  i n  t h e  
w e d g e  c o u p l e r  a l r e a d y  d i s c u s s e d  i n  t h i s  t h e s i s .  I t  w o u l d  a l s o  i n t r o d u c e  a n  e f f e c t i v e  c h i r p
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t o  t h e  g r a t i n g ,  b r o a d e n i n g  t h e  g r a t i n g  s p e c t r u m ,  a n d  p r o v i d i n g  a d d i t i o n a l  d e s i g n  
f l e x i b i l i t y .
M a n a g i n g  s p e c t r a l  b r o a d n e s s  o f  t h e  D G A D C  i s  a n o t h e r  i m p o r t a n t  s t u d y  t h a t  n e e d s  t o  b e  
e a r n e d  o u t .  D e p e n d i n g  o n  t h e  a p p l i c a t i o n ,  n a r r o w e r  o r  b r o a d e r  s p e c t r u m  i s  n e e d e d .  T h e  
i n f l u e n c e  o f  g r a t i n g  c h i r p i n g  o n  t h e  s p e c t r a l  p e a k  w i d t h  s h o u l d  b e  e x a m i n e d .  C o m b i n a t i o n  
o f  c h i r p i n g  a n d  d i f f e r e n t  d u t y  c y c l e s  s h o u l d  a l s o  b e  i n v e s t i g a t e d  i n  t h i s  s t u d y .  I t  c a n  b e  
e x p e c t e d  t h a t  t h e  g r a t i n g  s p e c t r u m  c a n  b e  b r o a d e n  t o  ~ 1 0 n m .
O n l y  d e v i c e s  o p t i m i s e d  f o r  T E  p o l a r i s a t i o n  h a v e  b e e n  c o n s i d e r e d  i n  t h e  p r o j e c t .  I t  h a s  
b e e n  s h o w n  t h a t  t h e  o u t p u t  f o r  T M  p o l a r i s e d  i n p u t  i s  n e g l i g i b l e  i n  t h e s e  d e v i c e s .  A s  t h e  
o u t p u t  f r o m  a  s t a n d a r d  o p t i c a l  f i b r e  c a n  h a v e  a  r a n d o m  p o l a r i s a t i o n  s t a t e ,  t h e  u l t i m a t e  
g o a l  i s  t o  f a b r i c a t e  a n  e f f i c i e n t  p o l a r i s a t i o n  i n d e p e n d e n t  c o u p l e r .  T o  a c h i e v e  t h i s ,  t h e  
c o u p l e r  w o u l d  h a v e  t w o  s e c t i o n s ,  o n e  w h i c h  i s  o p t i m i s e d  f o r  T E ,  a n d  t h e  o t h e r  o p t i m i s e d  
f o r  T M  c o u p l i n g .  H e n c e ,  T M  o p t i m i s e d  d e v i c e s  n e e d  t o  b e  d e s i g n e d ,  f a b r i c a t e d  a n d  
t e s t e d .  T h i s  w o r k  w o u l d  p r o v i d e  a  n e c e s s a i y  b a s i s  f o r  t h e  r e a l i s a t i o n  o f  t h e  p o l a r i s a t i o n  
i n d e p e n d e n t  c o u p l e r ,  w h i c h  w o u l d  m a k e  t h e  d e v i c e  m u c h  m o r e  v i a b l e  f o r  c o m m e r c i a l  
a p p l i c a t i o n s .
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A p p e n d i x  A
Orthogonality of modes
C o n s i d e r  t w o  d i f f e r e n t  s o l u t i o n s  o f  M a x w e l l  e q u a t i o n s  l a b e l l e d  1  a n d  2 .
V x E j  =  —iG)juH\ ( A l )
V  x  H 2  =  io )sE 2 ( A 2 )
I f  w e  m u l t i p l y  ( A l )  w i t h  [ - H i * ]  a n d  t h e  c o m p l e x  c o n j u g a t e  o f  ( A 2 )  ( V x H j  = - i ( o s E \ )  
w i t h  [ - E j ]  w e  g e t
( V  x  E j ) -  H *2 = - icoplL j • H j >  ( A 3 )
( v  x  H ^ - E j  =  - io o s jf t  ■ E ]  ( A 4 )
I f  w e  u s e  t h e  f o l l o w i n g  i d e n t i t y
V ( a x b )  =  b ( V x a ) - a ( V x b )  ( A 5 )
i n  ( A 3 ) ,  t h i s  e q u a t i o n  b e c o m e s
v ( e ,  X  H j ) +  E ,  ( v  X  H j  ) =  -im fiB . • ( A 6 )
S u b t r a c t i n g  ( A 4 )  f r o m  ( A 6 )  g i v e s
v ( e ,  X  H * 2 ) =  / ® ( e E ,  • e ;  -  / i H ,  • H ^ )  ( A 7 )
w h i l e  f i n d i n g  c o m p l e x  c o n j u g a t e  o f  ( A 7 )  a n d  e x c h a n g i n g  t h e  l a b e l s  1  a n d  2  g i v e
v (e ;  x H , ) = - ! ® ( £ E ;  - E [  -  - H | )  ( A 8 )
I f  w e  a d d  t h e  l a s t  e q u a t i o n  t o  ( A 7 )  w e  g e t :
v (e 1 x H * 2  +  E ; x H , ) = 0  ( A 9 )
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N o w ,  i f  w e  i d e n t i f y  t h e  f i e l d s  1  a n d  2  w i t h  t w o  f o r w a r d  m o d e s :
E , = E  y ( x , y ) e - ‘^  (A10)
E 2 = E  M( x ,y ) e - ‘/>*’  ( A l l )
( A 9 )  w i l l  h a v e  t h e  f o l l o w i n g  f o r m
d 8
— e „  + — e v
dx dy
• ( e 1 x H ; + E ; x H 1 ) + j - c z ( E | X H J + E ; x H 1 ) = 0  ( A 1 2 )
V ,  • ( e „  x H ; + E > -  -  f i j f t  X h ; ,  +  E ^  X H l v \  =  0  ( A 1 3 )
w h e r e  s u b s c r i p t  t d e n o t e s  t h e  t r a n s v e r s e  c o m p o n e n t .  T h e  n e x t  s t e p  i s  t o  i n t e g r a t e  ( A 1 3 )  
o v e r  a  c r o s s - s e c t i o n  z = c o n s t  o f  t h e  w a v e g u i d e .  A p p l y i n g  t h e  d i v e r g e n c e  t h e o r e m  t o  t h e  
f i r s t  t e r m  w e  g e t
+ q o
J ^ tg c lx d y  -  < j g e , < / /  ( A 1 4 )
—00 c
g  =  ( E v x H *  + E *  x H v j [ ,  ( | e , |  =  l ,  e ,  l c )  ( A 1 5 )
w h e r e  et i s  t h e  u n i t y  v e c t o r  w h i c h  i s  n o r m a l  o n  c u r v e  c .  T h e  l i n e  i n t e g r a l  e x t e n d s  o v e r  a n  
i n f i n i t e l y  l a r g e  c u r v e  e n c l o s i n g  t h e  w a v e g u i d e .  I t  i s  e a s y  t o  s e e  t h a t  t h i s  l i n e  i n t e g r a l  
v a n i s h e s  i f  a t  l e a s t  o n e  o f  t h e  t w o  m o d e s  i s  a  g u i d e d  m o d e  w i t h  f i e l d s  d e c a y i n g  
e x p o n e n t i a l l y  t o w a r d s  i n f i n i t y .  T h e  l i n e  i n t e g r a l  a l s o  v a n i s h e s  w h e n  b o t h  m o d e s  a r e  
r a d i a t i o n  m o d e s .  T h e  a r g u m e n t  t o  s h o w  t h i s  i s  s o m e w h a t  m o r e  c o m p l i c a t e d  a n d  i n v o l v e s  
t h e  o s c i l l a t o r y  n a t u r e  o f  t h e  r a d i a t i o n  m o d e s .  T h e  t e r m s  r e m a i n i n g  a f t e r  i n t e g r a t i o n  a r e :
7 j ( e - x h ; + e , > h ( ,, j  dxdy  —  0 ,  ( / ? , ,  +  J3jj )  ( A l  6 )
— 0 0
N o w ,  w e  n e e d  t o  a p p l y  t h i s  e q u a t i o n  t o  a  b a c k w a r d  t r a v e l l i n g  m o d e  ( l a b e l l e d  - v )  i n s t e a d  
o f  t h e  c o r r e s p o n d i n g  f o r w a r d  m o d e  ( l a b e l l e d  v )
E q-vO ^) = E,iV(x,y) (A17)
H  Y) = “H  tA x , y )  (A18)
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J /(^ A  ~v x R / / /  ”** t^ju x  R / j -v ^ dxdy — 0
— o o
(A 19)
j j ( En,x  H; - E; x H ,  y ^ dxdy — 0, ( Py ± Pju) (A20)
—oo
Finally, if we add (A16) and (A20) we get the orthogonality relation:
+oo
J j E n /  x H *tJLIdxdy = 0 , Pv *  P ^  ( A 2 1 )
- 0 0
This relation holds for any two modes regardless of whether they are both guided, or 
radiation, or a combination of these two. Orthogonality shows that the power flow in a 
lossless dielectric waveguide is the sum of the power carried by each mode individually.
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A p p e n d i x  B
Fourier expansion for rectangular grating
I f  w e  h a v e  a  p e r i o d i c  f u n c t i o n
f ( t )  =  f ( t  +  T)  ( B l )
w h e r e  T  i s  t h e  p e r i o d ,  a n d  i f  D i r i c h l e t ’ s  c o n d i t i o n
TI 2
J|/(0|<* < 0 0  ( B 2 )
-772
i s  f u l f i l l e d ,  t h e n  f u n c t i o n  f( t)  c a n  b e  r e p r e s e n t e d  i n  t h e  f o l l o w i n g  f o r m :
-foo
/ ( f )  = (B3)
7 ? = - 0 0
w h e r e  c o e f f i c i e n t s  F „  a r e  g i v e n  b y
7 7 2
- 6 , —  / / ( f y - * " * * ,  ® o = y -  ( B 4 )
-T I  2
F o r  a  r e l i e f  d i f f r a c t i o n  g r a t i n g ,  w e  h a v e  p e r i o d i c  s t e p - l i k e  c h a n g e s  o f  t h e  g u i d i n g  f i l m  
t h i c k n e s s ,  a s  s h o w n  i n  t h e  f i g u r e  b e l o w
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Fourier transform o f  As is:
1 1 , 1  / _ ■  —
A £ g = ~\ J s° if1} ~ nc )e q A  dz
- l u
(B5)
w h e r e  « /  a n d  nc a r e  f i l m  a n d  c o v e r  r e f r a c t i v e  i n d e x ,  r e s p e c t i v e l y .  F i n a l l y
A e , =
A
. 2n 1 - ,q
— e A
iq
2  n
a T
2
- Z ,
2
( B 6 )
E s q ~  SJ f r f ~ n ‘c] i q ln
. 2 n L , 2n Liq - iq -------
i A  2  A  2
c o s  qci7r + i s i n  q a n -  c o s  q a n  s i n  q a n
iq ln
( B 7 )
E s q ~  s$y'1f  ~  nc j--- ~— . a ~~T~’ ( ° < a <  1), g + 0
1 J ' q n  A
( B 8 )
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